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Hydrogen storage remains one of the most challenging prerequisites to overcome toward the 
realization of a hydrogen based economy. The use of hydrogen as an energy carrier for fuel cell 
applications has been limited by the lack of safe and effective hydrogen storage materials. Another 
major challenge associated with fuel cells is the design of highly efficient electrocatalysts to reduce 
the high overpotential of the oxygen reduction reaction (ORR). Palladium has a high affinity for 
hydrogen sorption and has been extensively studied, both in the gas phase and under 
electrochemical conditions. Palladium has strong potential to play a major role in many aspects of 
a hydrogen based economy, leading to promising applications, encompassing hydrogen 
purification, storage and as a cathode to facilitate the oxygen reduction reaction.   
During my PhD study, Cd@Pd core/shell nanostructured materials were synthesised for 
enhanced hydrogen sorption and storage. The effect of a capping agent was investigated, showing 
that it plays a critical role in the formation of the uniform and small size of the Cd@Pd 
nanostructures. The capacity for hydrogen sorption and storage was strongly contingent on the 
composition and structure of the formed Pd-based nanomaterials, as well as the applied electrode 
potential. The Cd@Pd core/shell nanostructure with an optimized composition of 1:2 exhibited the 
highest capacity for hydrogen storage, where a 340% increase was achieved in contrast to pure Pd 
nanoparticles.  
The behaviours of the electrosorption of hydrogen into untreated and annealed Pd thin foils 
were systematically investigated with a primary effort concentrated on elucidating the effects of 
annealing on hydrogen uptake capacities. The change of the crystalline structure of Pd during the 
annealing process was monitored by in situ X-ray diffraction. Scanning electron microscopic 




foils. Cyclic voltammetric and chronoamperometric techniques were employed to study the 
kinetics of hydrogen electrosorption, where α phase, β phase, and their transition were determined 
with respect to the electrode potential. The morphological and structural changes, as well as lattice 
parameters, played an important role in hydrogen uptake. A Pd thin foil annealed at 700 °C 
exhibited an over 19.4-fold increase in hydrogen uptake capacity in comparison to an untreated 
one. 
In the next step, Pd nanoparticles and reduced graphene oxide nanocomposites were 
synthesized using a facile one-step electrochemical approach for promising applications in 
hydrogen sorption. The prepared nanocomposites exhibited significantly improved performance 
toward hydrogen sorption and storage in contrast to rGO and pure Pd nanoparticles. The Pd/rGO 
nanocomposite exhibited an increased hydrogen storage capacity of over 11 fold in the α phase 
and more than a fivefold enhancement in the β phase when compared to Pd nanoparticles. 
Finally, to reduce the high overpotential of the oxygen reduction reaction in fuel cells, a 
facile photoassisted method was employed for the direct deposition of palladium nanoparticles 
onto graphitic carbon nitride for the efficient reduction of oxygen. The synthesized Pd-g-C3N4 
nanocomposite exhibited robust electrocatalytic behavior toward the ORR in 0.1 M KOH solution, 
where the desirable four electron pathway was achieved. In addition, the developed catalyst 
demonstrated a significantly improved tolerance against methanol as well as enhanced stability in 









I would like to extend my sincere gratitude to my advisor, Professor Aicheng Chen, for his 
guidance throughout the course of this PhD studies. I would like to thank my committee members, 
Drs. Alla Reznik and Robert Mawhinney for taking the time to review my PhD thesis and for their 
insightful comments. I would like to thank Dr. Francis Appoh for his encouragement and support 
throughout my PhD studies.  
I acknowledge Ontario Trillium Scholarship provided by the government of Ontario and 
Lakehead University for international PhD students in Canada. I also want to take this opportunity 
to thank both faculty and the staff members of Department of Chemistry, Instrument Lab and 
Graduate Studies for their support and encouragement. I would like to take this opportunity to 
thank all other members of the research group, past and present, who have lent me their assistance 
and expertise.  
 I acknowledge Canadian Centre Electron Microscopy at McMaster University for 
obtaining the TEM images and the Surface Interface Ontario/Chemical Engineering & 
Allied Chemistry at the University of Toronto for carrying out the XPS analysis. 
Last, but not least, I would like to thank all of my family and friends from the bottom of my 









List of Figures 
2.1. Overview of various solid-state hydrides, plot of decomposition temperatures (under 1 bar H2 
pressure) as function of heavy-metric hydrogen content. The ultimate DOE target is shown in 
the shadowed bar. ...................................................................................................................10 
2.2. (Left) Pressure-composition isotherm plot of metal to metal hydride phase transition. (Right) 
Van’t Hoff plot related to the phase transition from metal to metal hydride. Schematic 
representation of alpha-phase (left) and beta-phase (right) of metal hydride are also shown.
 ................................................................................................................................................12  
2.3. Hydrogen spillover in a supported catalyst system: (a) adsorption of hydrogen onto a 
supported metal nanoparticle; (b) low-capacity receptor; (c) primary spillover of atomic 
hydrogen to the support; (d) secondary spillover to the receptor enhanced by a physical bridge; 
(e) primary and secondary spillover enhancement by improved contacts and bridges. .........15 
4.1. TEM and HRTEM images of the Pd nanoparticles (a and c) and the Cd@Pd(1:2) 
core/shell nanoparticles (b and d). .............................................................................. 53 
4.2. TEM image of (a) CdPd(1:1), (b) Cd@Pd (1:3) nanoparticles synthesised with capping agent 
and (c) Cd@Pd (1:2) particles synthesised without capping agent. .......................................54 
4.3. (a) XRD patterns and (b) EDX spectra of the Pd, Cd and Cd@Pd(1:2) nanoparticles. 
 ..................................................................................................................................... 56 
4.4. (a) XPS survey scans of the five samples; (b) high resolution spectrum of Pd 3d region 
of the pure Pd nanoparticles; (c) high resolution spectrum of Cd 3d region; and (d) high 
resolution spectrum of Pd 3d region of the Cd@Pd(1:2) nanoparticles.  ................... 58 
4.5. (a) CVs of the Cd@Pd(1:2) core/shell nanomaterials prepared in the presence and 




nanostructures synthesized in the presence of the capping agent. Solution: 0.5 M 
H2SO4; Scan rate: 10 mV/s. ........................................................................................ 61 
4.6. CVs of the synthesized Pd, CdPd(1:1), Cd@Pd(1:2) and Cd@Pd(1:3) nanomaterials  
recorded in 0.5 M H2SO4 at a scan rate of 10 mV/s. ................................................... 63 
4.7. LVs of the synthesized Pd, CdPd(1:1), Cd@Pd(1:2) and Cd@Pd(1:3) nanomaterials  
after being held at the potential -180 mV (a) and -210 mV (b)  for 3 min. Solution: 0.5 
M H2SO4; Scan rate: 10 mV/s. .................................................................................... 65 
4.8. LVs of the pure Pd nanoparticles (a) and the Cd@Pd(1:2) core/shell nanostructures (b) 
subsequent to holding the different potentials for 3 min. Solution: 0.5 M H2SO4; Scan 
rate: 10 mV/s. .............................................................................................................. 67 
4.9. The overall hydrogen desorption charge, QH, normalized by the mass of Pd versus the held 
electrode potentials. Inset: QH ratio of the Cd@Pd(1:2) core/shell nanostructures to the pure 
Pd nanoparticles at different electrode potentials. ..................................................................70 
5.1. SEM images of Pd thin foils before (A) and after annealing at 300 °C (B), 500 °C (C), 700 °C 
(D), 1000 °C (E) and 1200 °C (F)...........................................................................................82 
5.2. In-situ XRD patterns of the Pd thin foil during the annealing treatment at the different 
temperatures in the presence of Ar. ........................................................................................83 
5.3. XRD patterns of Pd thin foils subjected to the annealing treatment at the different temperature 
listed on the figure, recorded at room temperature. ................................................................84 
5.4. XPS spectra of Pd thin foil untreated (A) and annealed at different temperatures: 300 °C (B), 




5.5. CVs of Pd thin foil annealed at 300 °C (a), 500 °C (b), 700 °C (c), 1000 °C (d) and 1200 °C 
(e), recorded in 0.5 M H2SO4 at a scan rate of 1 mV/s. Inset: the CV of the Pd thin foil that 
was not treated. .......................................................................................................................89 
5.6. (A) LSVs of the Pd thin foil after being held at -220 mV for the different periods of time. 
Solution: 0.5 M H2SO4; Scan rate: 1 mV/s. (B) Hydrogen desorption charge QH versus the 
holding time. ...........................................................................................................................92 
5.7. LSVs of the untreated Pd foil (A) and the Pd foil annealed at 700 °C (B) recorded after being 
held at different potentials for 10 minutes. .............................................................................94 
5.8. The overall hydrogen desorption charge QH versus the held electrode potential of -50 to -170 
mV (A), -180 to -250 mV (B). Pd foil untreated (a) and annealed at different temperatures at 
300 °C (b), 500 °C (c), 700 °C (d), 1000 °C (e) and 1200 °C (f). Inset of (A): the overall trend 
(QH) of the Pd foil annealed at 700 °C.  ..................................................................................95 
6.1. SEM images of reduced graphene oxide, pure Pd, and the Pd/rGO nanocomposite (A, B and 
C). EDX spectra (D) of rGO (black), pure Pd (blue) and Pd/rGO nanocomposite (red).  ...106 
6.2. XPS spectra of the C 1s region (A and C) and Pd 3d regions of (B and D) of Pd/GO and 
Pd/rGO nanocomposites. ......................................................................................................108 
6.3. CV of rGO (black), pure Pd (blue) and the Pd/rGO nanocomposite (red) on GCE, Inset: CV 
of rGO. ..................................................................................................................................109 
6.4 (A) Anodic sweeps of the Pd/rGO nanocomposite at -210 mV at different holding times at 20 





6.5. Anodic sweeps of the desorption of hydrogen from pure Pd (A) and the Pd/rGO 
nanocomposite (B) after holding the potential at various cathodic limits for 3 min in 0.5 M 
H2SO4 at a scan rate of 20 mV/s. ..........................................................................................113 
6.6. The overall hydrogen desorption charge, QH, was normalized by the mass of Pd versus the 
held electrode potentials.  .....................................................................................................114 
7.1. SEM images of g-C3N4 (a) and Pd-g-C3N4 (b) nanocomposite. EDX spectra (c) and elemental 
mapping distribution images of Carbon (d), Nitrogen (e), and Pd (f) content for the Pd-g-C3N4 
sample.  .................................................................................................................................125 
7.2. TEM images of g-C3N4 (a) and Pd-g-C3N4 (b); and HRTEM image of the Pd-g-C3N4 
nanocomposite (c).  ...............................................................................................................127 
7.3. XRD patterns (a) and the micropore volumes were measured using the Dubinin−Astakhov 
method (b) of samples g-C3N4 and Pd-g-C3N4 nanocomposite. ...........................................128 
7.4. FTIR spectra (a) and TGA curves (b) of the g-C3N4 and Pd-g-C3N4 nanocomposite samples. 
 ..............................................................................................................................................131 
7.5. (a) XPS survey scans of the two samples; (b) high resolution scan of C 1s region; (c) high 
resolution scan of N 1s region; and (d) high resolution scan of Pd 3d region of the Pd-g-C3N4 
nanocomposite. For the high resolution spectra, circles represent raw data, whereas solid 
dashed black lines, and blue, green, red lines represent baseline, individual components (zero 
and higher oxidation states), and total fit, respectively.  ......................................................133 
7.6. CVs of g-C3N4 and Pd-g-C3N4 (a) in argon (blue curve) and oxygen saturated (red curve) and 





7.7 LSV curves of the g-C3N4 and Pd-g-C3N4 RDEs in O2-saturated 0.1 M KOH (A) and (C) at 
various rotating rates. K-L plots obtained from the RDE measurements of g-C3N4 (B) and Pd-
g-C3N4 (D) in O2-saturated 0.1 M KOH solution.  ...............................................................138 
7.8. Effect of methanol on the ORR at the commercial Pt/C and the Pd-g-C3N4 nanocomposite in 
an O2-saturated 0.1 M KOH electrolyte at the applied electrode potential of 0.61 V vs. RHE 
at the rotating rate of 1600 rpm. 3 M methanol was introduced after 200 sec.  ...................139 
7.9. Stability tests of the Pd-g-C3N4 nanocomposite and the benchmark Pt/C material in O2-
saturated 0.1 M KOH at 0.61 V vs RHE under the rotating rate of 1600 rpm. ....................140 
8.1. The overall hydrogen desorption charge, QH, normalized by the mass of Pd versus the held 



















List of Tables 
 
2.1 Metal hydrides and their hydrogen spillover and storage properties. ......................................23 
4.1 ICP-AES results of the concentration of Pd2+ and Cd2+ remaining in solution prior to and 
following chemical reduction with sodium borohydride. .......................................................57 
4.2 Binding energy and Pd oxidation states of all the five samples. .. ..........................................59 
4.3 Peak potential and peak current density measured from Fig. 4.6. . .........................................66 
5.1 Crystal size and lattice constant values of Pd thin film during in-situ heat treatment and 
following annealing calculated from Fig. 5.1 and 5.2. ...........................................................86 
5.2: Binding energy and Pd oxidation states of untreated Pd and Pd annealed at different 
temperatures. ..................................................................................................................................88 
7.1 List of the onset potential values of various oxygen reduction reaction catalysts. ................136 
















List of Abbreviations and Symbols 
 
AC Activated Carbon 




CA Carbon Aerogels 
CNF Carbon Nanoflower 
CNT Carbon Nanotube 
CA Chronoamperometry 
COF Covalent Organic Framework 
CV Cyclic Voltammetry 
DFT Density Functional Theory 
DOE Department of Energy 
DMFCs Direct Methanol Fuel Cells 
DWNT Double Walled Carbon Nanotube 
EDS 
GCE 
Energy-dispersive X-ray Spectroscopy 
Glassy Carbon Electrode 
g-C3N4 Graphitic Carbon Nitride 
GO Graphite Oxide 
HCS Hollow Carbon Sphere 




MOF Metal Organic Framework 
MWNT Multi Walled Carbon Nanotube 
N Nitrogen 
N-HEG Nitrogen Doped Hydrogen Exfoliated Graphene 
OMC Ordered Mesoporous Carbon 
ORR Oxygen Reduction Reaction 
Pd  Palladium 
PEM Proton Exchange Membrane 
rGO Reduced Graphene Oxide 
RDGCE Rotating Disc Glassy Carbon Electrode 
SEM Scanning Electron Microscopy 
SN Silica Nanotubes 
SWNT Single Walled Carbon Nanotube 
TGA Thermo Gravimetric Analysis 
TPD Temperature Programmed Desorption 
TC Template Carbon 
TEM Transmission Electron Microscopy 
XRD X-ray Diffraction Spectroscopy 











Table of Contents 
 
Abstract ........................................................................................................................................... I 
Acknowledgments ....................................................................................................................... III 
List of Figures  ............................................................................................................................. IV 
List of Tables  .............................................................................................................................. IX 
List of Abbreviations and Symbols ............................................................................................. X 
Chapter 1. Introduction ................................................................................................................1 
1.1. Hydrogen Production  ...........................................................................................................1 
1.2. Hydrogen Storage  .................................................................................................................2 
1.3. Oxygen Reduction Reaction ..................................................................................................3 
1.4. Thesis Scope ..........................................................................................................................4 
References ...................................................................................................................................7 
Chapter 2. Literature Review .......................................................................................................9 
2.1. Introduction ...........................................................................................................................9 
2.2. Significance of Pd in Hydrogen Storage  ............................................................................11 
2.3. Hydrogen Spillover .............................................................................................................13 
2.4. Experimental and Theoretical Studies of Hydrogen Spillover ............................................16 
2.5. Effect of Surface Area on Hydrogen Storage ......................................................................17 
2.6. Hydrogen Spillover in Pd-based Nanostructures ................................................................18 
2.7. Oxygen Reduction Reaction ................................................................................................24 
2.8 Summary and Outlook .........................................................................................................25 
References .................................................................................................................................27 
Chapter 3. Materials and Methods.............................................................................................40 




3.2. Experimental ......................................................................................................................40 
3.2.1. Materials .......................................................................................................................40 
3.2.2. Instruments and Electrochemical Experiments ............................................................41 
3.2.3. Fabrication of Electrodes  .............................................................................................42 
3.2.3.1. Fabrication of Nanomaterials ....................................................................................42 
3.2.3.2. In-situ Heat Treatment of Pd Thin Foil  ....................................................................43 
3.2.3.3. Synthesis of Pd/rGO Nanocomposite  .......................................................................43 
3.2.3.4. Synthesis of g-C3N4 and Pd-g-C3N4  .........................................................................44 
3.3. Summary  ...........................................................................................................................44 
References .................................................................................................................................45 
Chapter 4. Synthesis and Electrochemical Study of Cd@Pd Core/Shell Nanomaterials for 
Hydrogen Sorption and Storage ..........................................................................................46 
4.1. Introduction .......................................................................................................................46 
4.2. Experimental ......................................................................................................................49 
4.2.1. Materials  ......................................................................................................................49 
4.2.2. Fabrication of Nanomaterials  ......................................................................................49 
4.2.3. Preparation of Electrodes .............................................................................................50 
4.2.4. Instruments  ..................................................................................................................50 
4.2.5. Electrochemical Studies ...............................................................................................51 
4.3. Results and discussion .......................................................................................................52 
4.3.1. Surface Analysis  ..........................................................................................................52 
4.3.2. Electrochemical Activity of the Synthesized Pd-based Nanostructures .......................60 
4.3.3. Potential and Composition Dependence of Hydrogen Sorption at Pd-based 
Nanostructures ........................................................................................................................64 





Chapter 5. Significant Enhancement of Electrosorption of Hydrogen into Palladium via a 
Facile Annealing Process. .....................................................................................................77 
5.1. Introduction .......................................................................................................................77 
5.2. Experimental ......................................................................................................................79 
5.2.1. Chemicals .....................................................................................................................79 
5.2.2. In-situ X-ray Diffraction Measurements ......................................................................79 
5.2.3. Physical Characterization  ............................................................................................80 
5.2.4. Electrochemical Experiments  ......................................................................................80 
5.3. Results and discussion .......................................................................................................81 
5.3.1. Pd Structure and Morphology ......................................................................................81 
5.3.2. Electrosorption of Hydrogen into Pd  ...........................................................................89 
5.4. Conclusions ........................................................................................................................97 
References .................................................................................................................................99 
Chapter 6. One-step Synthesis of Pd and Reduced Graphene Oxide Nanocomposite for 
Enhanced Hydrogen Sorption and Storage ......................................................................103 
6.1. Introduction .....................................................................................................................103 
6.2. Experimental ....................................................................................................................104 
6.3. Results and Discussion  ...................................................................................................105 
6.3.1. Surface Characterization ............................................................................................105 
6.3.2. Electrochemical Studies  ............................................................................................109 
6.4. Conclusions ......................................................................................................................115 
References ...............................................................................................................................116 
Chapter 7. Photo-assisted Deposition of Palladium Nanoparticles on Carbon Nitride for 
Efficient Oxygen Reduction  ..............................................................................................119 
7.1. Introduction .....................................................................................................................119 




7.2.1. Synthesis of g-C3N4 and Pd-g-C3N4 ...........................................................................121 
7.2.2. Material Characterization  ..........................................................................................122 
7.2.3. Preparation of Electrodes  ..........................................................................................123 
7.2.4. Electrochemical Characterization  ..............................................................................123 
7.3. Results and discussion .....................................................................................................125 
7.3.1. Surface Morphology ...................................................................................................125 
7.3.2. Structural Characterization  ........................................................................................128 
7.3.3. Electrochemical Activity  ...........................................................................................134 
7.3.4. Methanol Tolerance Effect  ........................................................................................139 
7.3.5. Stability of the ORR  ..................................................................................................140 
7.4. Conclusions ......................................................................................................................141 
References ...............................................................................................................................142 
Chapter 8. Summary and Conclusion  .....................................................................................147 
Appendix: List of Publications and Presentations ..................................................................153 
A.1. Journal Publications .......................................................................................................153 
A.2. Conference Presentations  .............................................................................................153 
A.2.1 Oral Presentations .......................................................................................................153 




Chapter 1: Introduction and Thesis Scope 
Increasing global energy demands have shown that an economy that is based solely on 
fossil fuels, such as oil and coal, results in a significant increase in carbon dioxide emissions. There 
is a critical need for the development of non-fossil fuel energy resources. Sustainable alternatives, 
including solar, wind, geothermal, and fuel cells, are currently under active investigation. Fuel 
cells are considered to be a promising alternative green energy technology with applications 
spanning numerous areas, including portable power, transportation, and stationary power 
generation.1,2,3 However, before this is possible, several scientific challenges associated with 
hydrogen fuel cell technologies must be resolved. One of these is the storage of hydrogen at 
ambient pressures and temperatures to enable the commercialization of fuel cell applications. An 
additional issue for fuel cells is the development of high-performance cathode electrocatalysts that 
reduce the high overpotential that is present during the oxygen reduction reaction (ORR).4,5 
1.1 Hydrogen Production: Although hydrogen is the most abundant element on earth, it is not 
typically found as molecular H
2 
but rather, it is chemically bound in water, and to a limited extent 
in hydrocarbons and carbohydrates. Therefore, hydrogen must be produced as a synthetic fuel from 
hydrogen containing sources. Currently the majority of the hydrogen is generated from natural gas, 
employing a process referred to as steam reforming.6 For sustainability, the hydrogen should be 
produced from the electrolysis of water using the energy derived from renewable and non-fossil 
resources such as solar, wind, geothermal, tidal/wind, and biomass. However, the cost of producing 
hydrogen through such means is currently several times higher than from natural gas; hence, cost 





1.2 Hydrogen Storage 
Another crucial challenge facing the widespread use of hydrogen as a fuel, particularly for mobile 
applications, pertains to the localized storage of hydrogen in an efficient, safe, and cost effective 
way. In order to be comparable with conventional gasoline or diesel based vehicles, hydrogen fuel 
cell vehicles must attain a range of ~500 km before requiring refuelling. Typically, only about 5 
kg of hydrogen is required to cover this distance; however, due to the low density of hydrogen 
(0.089 g/l), this would occupy a volume of ~56,000 litres under ambient conditions. The challenge 
is to safely contain this 5 kg (56,000 l) of hydrogen in a system that is lightweight and compact 
enough to be comparable to the gasoline tank of a conventional automobile (~30-35 litres).8 For 
both stationary and mobile applications, compact and safe hydrogen storage is key if H2 is to be 
used as a fuel.9 Three primary hydrogen storage options encompass compressed gas, cryogenic 
liquid, and chemical hydrogen storage. 
Liquefied Hydrogen: H2 may be stored in a liquid form at -253 °C. The volumetric energy density 
of liquid H2 (70 g/L H2) is high compared to an 800 bar H2 (g) tank. However, its application is 
hindered by safety, energy efficiency, and handling considerations. The use of liquid hydrogen is 
further hampered by continuous loss (~1% per day)
 
of hydrogen through boil-off. Therefore this 
storage method is not considered viable for application in automobliles at a large scale.10,11 
High-Pressure Gas Tanks: Most common high-pressure cylinders are loaded to a maximum of 200 
bar H2 pressure. Newly developed lightweight nanocomposite tanks allow increases in pressure of 
up to 800 bar, from which a relatively high gravimetric (5.5 Wt.% H2) and volumetric (37 g/L H2) 
energy density may be achieved. For onboard hydrogen storage, the current state of the art includes 
350 and 700 bar pressurized tanks, where the primary research effort in this direction focuses on 




reversibly release and take up hydrogen, and there are two mechanisms by which hydrogen may 
bind with materials. 
Physisorption: In this process molecular hydrogen is weakly adsorbed onto the surface of a 
material through van der Waals interactions. Carbon based materials, such as carbon nanotubes, 
fibers, fullerenes, and activated carbon
 
have been investigated for hydrogen storage.13,14,15 
Metal hydrides: The second class of solid state hydrogen storage media are materials in which 
atomic hydrogen (H) is absorbed by metal or metal alloys to form metal hydrides. Metal hydrides 
are often classified according to the nature of the bonding between hydrogen and the metal.15 
Significant advances in metal hydrides are discussed in more detail in the following chapter.  
1.3 Oxygen Reduction Reaction: Oxygen is the most abundant element in the Earth’s crust. The 
oxygen reduction reaction is also the most critical reaction in life processes, such as biological 
respiration, and in energy converting systems, such as fuel cells. In proton exchange membrane 
fuel cells, including direct methanol fuel cells, ORR is the reaction that occurs at the cathode. 
Normally, the ORR kinetics are very slow; hence, the development of high-performance cathode 
catalyst is required in order to reduce the high overpotential that is present during the oxygen 
reduction reaction. At present, Pt-based materials comprise the most practical catalysts. Although 
Pt demonstrates the highest activity among pure metals in cathodic oxygen reduction reactions, it 
remains an unsatisfactory candidate for the production of commercially viable fuel cells, due to its 
sluggish reaction and exorbitant expense.16,17 Various studies have been conducted toward the 
identification of catalyst materials that might serve as a substitute for Pt, either partially or 
completely.18 For the oxygen reduction reaction, Pd-alloys have also demonstrated improved 




of Pd is lower in comparison to Pt, the price of Pd remains above acceptable levels for large-scale 
commercial applications.5  
1.4. Thesis scope 
The aim of my PhD thesis is to design and study the electrochemical activity of advanced Pd-based 
nanomaterials toward a sustainable hydrogen economy. The specific objectives of my PhD project 
are two-fold: (i) to synthesize Pd-based nanomaterials/nanocomposites; and (ii) to study their 
electrochemical performance for hydrogen storage, spillover, and for the oxygen reduction 
reaction. Spillover is defined as the transport of a species, adsorbed or formed on a surface, to 
another surface, which does not adsorb or form this species under similar conditions. The 
incorporation of more economical metals (e.g., Ag, Cd, Ni, Sn) into Pd may enhance the kinetic 
and thermodynamic properties of hydrogenation and dehydrogenation.19 Further, by depositing 
small amounts of Pd-containing nanoparticles into cost-effective supporting materials such as 
carbon, graphene, and carbon nitride, might potentially enhance thermodynamic and kinetic 
properties sufficiently to obtain a practical hydrogen storage material at low temperatures and 
pressures for commercial hydrogen storage applications.  
Chapter 2 of this thesis introduces significant issues that are associated with Pd based 
nanomaterials, and the importance of these nanomaterials for the sustainable development of a 
hydrogen based economy. A specific focus on recent advancements are highlighted and discussed 
in regard to palladium based nanomaterials for hydrogen storage and the oxygen reduction 
reaction, as well as the effects of hydrogen spillover on various adsorbents, including carbons, 




Chapter 3 introduces basic materials, methods, and characterisation techniques, as well as the 
synthesis methods that are employed to fabricate various Pd-based nanomaterials or 
nanocomposites. 
In Chapter 4 the successful synthesis of a novel Cd@Pd nanostructure with a Cd core and Pd shell 
is described, which exhibited a high capacity for hydrogen sorption and storage. The effect of 
capping agent on this core shell formation was systemically investigated, as well as the impact of 
the composition on hydrogen sorption. By forming Cd as the core and Pd as the shell, the Pd served 
not only as a catalyst for hydrogen sorption, but also protected the Cd core from corrosion, which 
is very important for applications in catalysis.  
In Chapter 5 of this thesis, the effects of in situ annealing on Pd thin films for electrochemical 
hydrogen uptake at room temperature were actively investigated. Alterations in the crystal size 
and lattice parameters under high temperatures following annealing were studied in detail. The 
morphological and structural changes, as well as lattice parameters, played a critical role in the 
uptake of hydrogen into the Pd thin foil.   
Chapter 6 introduces a green method for the simultaneous synthesis of Pd nanoparticles and 
reduced graphene oxide nanocomposites using one step electrochemical reduction approach for 
hydrogen spillover and storage. Experimental results revealed that the prepared nanocomposites 
exhibited significantly improved performance toward hydrogen sorption and storage, in contrast 
to reduced graphene oxide and pure Pd nanoparticles.  
As aforementioned, an additional objective of this PhD project was the development of Pd-based 
electrocatalysts as a cathode for efficient ORR in fuel cells.  
Chapter 7 introduces a novel method for the deposition of Pd nanoparticles onto graphitic carbon 




cells. There was an immense improvement in ORR activity when Pd was deposited onto g-C3N4. 
In contrast to a commercial Pt/C catalyst, the developed Pd-g-C3N4 nanocomposite demonstrated 
excellent methanol tolerance and high ORR stability. 
Chapter 8 presents the comparative analysis of hydrogen storage capacities of materials that were 
synthesised using different methods that were mentioned in chapter 4 to 6. Concluding remarks 
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Chapter 2: Literature Review 
2.1 Introduction  
Hydrogen has the potential to be a principal energy carrier. It has attracted significant 
attention not only because of its high energy density, but also because of the technological 
problems involved with its storage and release.1,2 Since hydrogen is gaseous at ambient 
temperature and pressure, its confined storage is impractical. It is clear that the key challenge in 
developing this technology is centered on the viable storage of hydrogen. Presently hydrogen may 
be stored by different techniques such as within compressed tanks, in liquefied form, and as solid 
state hydrides. Currently, however, none of these storage methods have met the demands for 
onboard vehicular applications.3-7 For transportation applications, the US Department of Energy 
(DOE) has set ≥ 7.5 wt.% as the system capacity targets for onboard hydrogen storage in fuel cell 
applications in vehicles under ambient temperature and a maximum pressure of 12 bar.8,9 Solid-
state materials have been considered as potential candidates for hydrogen storage, over other 
storage techniques.10 The hydrogen storage capacities of various solid state hydrides are displayed 
in Fig. 1.19. Hydrogen may be stored as either molecular hydrogen (physisorption), or as atomic 
hydrogen (chemisorption). The storage of molecular hydrogen relies on weak physisorption, and 
results in lower hydrogen capacities under mild conditions, whereas chemisorption can occur 
under ambient conditions, but utilizes materials that are very expensive. In some cases, the 
hydrogen sorption phenomena are irreversible, albeit higher temperatures can facilitate the release 
of the adsorbed hydrogen.11,12  
 
*Most of the results presented in this chapter have been published in Materials Today, 









Figure. 1.1 Overview of various solid-state hydrides, plot of decomposition temperatures (under 
1 bar H2 pressure) as function of heavy-metric hydrogen content. The ultimate DOE target is shown 








2.2 Significance of Pd in Hydrogen Storage 
An inherent affinity and selectivity for hydrogen, rapid sorption kinetics and hydride 
formation reversibility are exhibited by Pd, which enable its integration into various hydrogen 
technologies. Pd is considered to be unique material with a strong affinity to hydrogen, owing to 
both its catalytic and hydrogen absorbing properties13,14 and it plays important role in a hydrogen 
economy encompassing hydrogen production, purification, storage and in fuel cells. Adams et al., 
have discussed the roles played by Pd in hydrogen economy in their review paper.15 Intensive 
investigations of Pd hydrides have been conducted in various fields of fundamental science and 
technology. In contrast to their bulk counterparts, nanostructured materials appear to exhibit more 
rapid charging and discharging kinetics, extended life cycles, and size tunable 
thermodynamics.16,17 Many investigations of hydrogen storage employing bulk Pd or Pd based 
nanoparticles have been carried out recently.18 In particular, Pd nanoparticles have been studied as 
an exemplar model for the elucidation of the hydrogen-storage properties of metallic nanoparticles.  
The absorption of hydrogen by Pd results in the formation of two phases. At low hydrogen 
concentrations (solid solution) the alpha phase appears, whereas at higher hydrogen concentrations 
(metal hydride) the beta phase appears. A schematic phase diagram of palladium hydride is 
depicted in Fig. 2.2.19 Hydrogen concentrations and equilibrium pressures for the formation of Pd 
hydrides were reported to decrease with smaller nanoparticle dimensions.20 In addition to size, the 
morphologies of metallic nanoparticles have also been critical to materials chemistry, in that their 
intrinsic properties are strongly correlated with their geometries.21,22 Recent work by Li et al. has 
demonstrated that the morphology of Pd may play a critical role in the storage capacity of 








Figure. 2.2 (Left) Pressure-composition isotherm plot of metal to metal hydride phase transition. 
(right) Van’t Hoff plot related to the phase transition from metal to metal hydride. Schematic 
representation of alpha-phase (left) and beta-phase (right) of metal hydride are also shown. 
(Reprinted with permission from Reference 19 © 2011 Royal Society of Chemistry) 
Phase transitions of individual palladium nanocrystals during hydrogen absorption and 
desorption were investigated using in situ electron energy-loss spectroscopy under an 
environmental transmission electron microscope. Palladium nanocrystals undergo extreme 
transitions between α and β phases, where surface effects dictate the size dependence of 
hydrogen absorption pressures.16 A major disadvantage associated with the use of pure Pd is 
hydrogen embrittlement. This occurrence is related to the cracking of the membrane upon large 
expansion of the lattice constant. In order to reduce hydrogen embrittlement, Pd is alloyed with 




hydrogen. A number of studies were carried out using a combination of Pd based alloys such as 
PdPt, PdCd, PdRu, PdRh, PdAg, PdCdAg to control hydrogen embrittlement.18, 24-29 In their work, 
T. Hango et al. investigated the effect of grain structure on hydrogen embrittlement using pure Pd 
(99.9%), which was processed by high pressure torsion (HPT) to form an ultrafine-grained (UFG) 
structure. Tensile tests revealed that, unlike coarse-grained samples in which hydrogen-induced 
embrittlement and hardening occurred, hydrogen-induced softening and elasticity occurred in the 
HPT-processed UFG sample.30 
2.3 Hydrogen Spillover 
It was observed by Khoobiar in 1964 that WO3 was reduced by H2 to blue WO3−x when it 
came into contact with a platinum (Pt) catalyst. The presence of blue color was due to the 
chemisorptive dissociation of H2 molecules on the surface of Pt particles that migrated to the 
yellow WO3 particles, reducing them to blue WO3−x particles.
31 Subsequently, Boudart et al. coined 
the term “spillover” to describe the migration of H atoms from the metal particles to the substrate, 
explaining that H atoms spill over from hydrogen-rich to hydrogen-poor surfaces.32 Extensive 
investigations as to the nature of hydrogen spillover were undertaken, particularly as it relates to 
the partial electron transfer from the hydrogen species to the solid material.33 Hydrogen spillover 
has since emerged as one of the most promising techniques for the achievement of high-density 
hydrogen storage at close to ambient conditions within lightweight, solid-state materials. Spillover 
is defined as “the transport of active species that have sorbed or formed on a first surface, migrated 
onto another surface that does not sorb or form active species under the same conditions”. Thus, 
the adsorbed species gain access to a different surface phase (accepting surface) that is in contact 
with the original adsorbing and activating surface. Spillover is critical in adsorption, and as a 




primary steps: (i) chemisorptive dissociation of gaseous hydrogen molecules on a transition metal 
catalyst; (ii) migration of hydrogen atoms from the catalyst to the substrate; and (iii) diffusion of 
hydrogen atoms onto substrate surfaces. The migration of H atoms from catalysts to substrates, as 
well as H atom diffusion within the substrates, may be mapped out by calculating minimum energy 
pathways. A simple and effective technique was developed for the creation of carbon bridges that 
served to improve the contact between a spillover source and a secondary receptor. As shown in 
Fig. 2.3, a Pd-C catalyst served as the hydrogen atom source via dissociation and primary spillover, 
whereas super activated carbon (AX-21), or single-walled carbon nanotubes (SWNTs) functioned 
as secondary spillover receptors. By carbonizing a bridge forming precursor in the presence of 
these components, the hydrogen adsorption volume was increased by a factor of 2.9 for the AX-
21 receptor, and 1.6 for the SWNT receptor, at 298 K at 100 kPa and 10 MPa, indicating that the 
enhancement factor was a weak function of pressure. Reversibility was demonstrated through 
desorption and re-adsorption at 298 K. The bridge-building process appeared to be receptor 
specific, where optimization might yield an even greater enhancement.38 Further, the effect of 
surface contacts between Pd and the carbon support and the thermodynamics involved were 
demonstrated by Bhat et al.39 A greater proportion of Pd/carbon contacts for Pd nanoparticles 
embedded within a microporous carbon matrix induced the efficient ‘pumping’ of hydrogen from 
the β-PdHx. It was also discovered that the thermal cleaning of carbon surface groups prior to 
exposure to hydrogen further enhanced the hydrogen pumping power of the microporous carbon 
substrate. In brief, this study highlighted that the stability of the β-PdHx phase supported on carbon 
is contingent on the degree of contact between the Pd catalysts and carbon supports, as well as the 





Figure. 2.3 Hydrogen spillover in a supported catalyst system: (a) adsorption of hydrogen onto a 
supported metal nanoparticle; (b) low-capacity receptor; (c) primary spillover of atomic hydrogen 
to the support; (d) secondary spillover to the receptor enhanced by a physical bridge; (e) primary 
and secondary spillover enhancement by improved contacts and bridges. (Reprinted with 




2.4 Experimental and Theoretical Studies of Hydrogen Spillover 
Hydrogen spillover has been studied extensively, particularly in the field of catalysis. 
Direct evidence for the spillover of atomic hydrogen at room temperature may be studied using 
different techniques. The inelastic neutron scattering (INS) method is uniquely capable of 
revealing the state of hydrogen, in either atomic or molecular form. The INS results indicate a 
direct quantitative evaluation of the volume of hydrogen adsorbed on activated carbon in atomic 
form via spillover. Atomic hydrogen spillover was observed from a Pd catalyst, to activated carbon 
fibers loaded at 77 K with 2.5 wt % H2. It was found that new C-H bonds were formed at the 
expense of physisorbed H2, during prolonged in situ exposure to 1.6 MPa hydrogen at 20°C. This 
verified the atomic nature of H species that were formed in the presence of a Pd catalyst and of 
their subsequent spillover and binding to a carbon support.40 A similar observation by Tsao et al. 
illustrated that the modification of molecular hydrogen in Pt-doped activated carbon samples 
provided evidence that significant populations of hydrogen atoms may diffuse to a carbon surface 
at room temperature during the spillover process.41 For comparison, a material known to exhibit 
hydrogen spillover at room temperature (Pt/C) was also studied with the hydrogen-deuterium 
scrambling reaction, where the isotherms were reversible. For desorption, sequential doses of H2 
and D2 at room temperature, and subsequent temperature programmed desorption (TPD), yielded 
product distributions that were strong indicators of a surface diffusion controlled reverse spillover 
process.42 Spectroscopic study has provided evidence of atomic hydrogen spillover from 
chemisorption sites in a Cu-TDPAT to Pt/C catalyst.43 An in situ diffuse reflectance Fourier-
transform Infrared spectroscopic study indicated that the hydrogen was stored in the form of 
CHx (x = 1, 2) species, in the case of a Pd-Ni catalyst supported on MWCNTs.
44 A number of 




spillover. Density functional theory (DFT) calculations have shown evidence for the transfer of 
hydrogen atoms from metal nanoparticles to an adsorbent surface.45-49  
2.5 Effects of Surface Area on Hydrogen Storage 
High surface area carbon materials are promising for the low-temperature storage of 
hydrogen via physisorption, where surface area is a critical structural parameter of porous 
adsorbent materials. Linear relationships between hydrogen storage capacity and surface area have 
been observed for the family of carbon based adsorbents. This is because an adsorbent that 
possesses a higher surface area provides additional available/accessible surface sites per sample 
mass. Among activated carbons, commercially available super-activated carbons (e.g., AX-21 and 
Maxsorb possessing surface areas of 2800 m2 g−1 and 3300 m2 g−1, respectively) at room 
temperature have exhibited high hydrogen storage capacities of 0.6 and 0.67 Wt.% at 10 MPa.50 
Chemically activated carbon with hydrogen adsorption capacities of 1.2 and 2.7 Wt.% have been 
obtained at 20 and 50 MPa at 298K, whereas at 77 K, the level of hydrogen adsorption was 
dependant on the surface area and the total micropore volume of the activated carbon. Hydrogen 
adsorption capacities of 5.6 Wt.% at 4 MPa and 77 K have been attained by chemically activated 
carbons,51 where the surface area of mesoporous carbon was increased from 833 to 2700 
m2 g−1, subsequent to KOH activation.52 The trend of H2 uptake vs surface area revealed that 
hydrogen storage via graphene materials did not exceed 1 Wt.% at 12 MPa H2 at ambient 
temperature. A linear increase in hydrogen adsorption vs surface area was observed at 77 K with 
a maximal observed value of ~5 Wt.% for a 2300 m2/g sample. It may be concluded that bulk 
graphene samples, obtained through the use of graphite oxide exfoliation and activation, follows 
the standard of other nanostructured carbon hydrogen uptake trends and do not demonstrate 




graphene remains as one of the optimal materials for the physisorption of hydrogen, particularly 
at low temperatures.53 Most studies on MOF storage capacity have been focused at 77 K, and 
significant storage capacities were achieved on MOFs with high surface areas.  MOF-177 with a 
surface area of 4500 m2 g−1 has the capacity to store 7.5 Wt.% H2 at 7 MPa. MOF-210 with the 
highest surface area (6240 m2 g−1) can store 7.9 Wt.% at 5 MPa. At room temperature, however, 
the storage capacities of MOFs were substantially lower. MOF-177 and UMCM-2 were reported 
to store 0.6 Wt.% and 0.8 Wt.% hydrogen, respectively, at 10 MPa. A common feature for the 
storage performance of MOFs at both cryogenic and ambient temperatures was that higher surface 
areas led to higher storage capacities. Hydrogen storage capacities are also influenced by more 
complex factors, such as doping methods, metal particle size and distribution, as well as interfacial 
contacts between the metals and supports.54  
2.6 Hydrogen Spillover in Pd-based Nanostructured Materials 
As support materials, carbon based adsorbents have garnered much attention due to their 
attributes, including that they are lightweight, have high surface areas, tailorable structures, and 
hold potential for diverse applications due to their intriguing electrical, mechanical, and optical 
properties.55-57 In recent years, there has been a rapidly developing research thrust in the area of 
hydrogen storage through spillover on carbons, via the addition of catalysts. A fundamental 
understanding is required as relates to factors that affect both H2 spillover and hydrogen storage 
capacities, as well as strategies for improving storage performance.58 One of the primary 
challenges toward the realization of solid state hydrogen storage is that the storage capacity of 
adsorbents is significantly lower at ambient temperatures than at cryogenic temperatures.59 A 
survey of commercial microporous carbon materials for hydrogen storage was carried out by 




might lead to significant differences in adsorption capacity. It was learned that even for identical 
samples from the same source, different laboratories obtained dissimilar results due to variances 
in measurement methodologies and analytical procedures.60 For instance, reports on hydrogen 
uptake of CNTs are much controversy. A 4.2 wt.% of H2 storage capacity for purified SWCNTs 
under a pressure of 10-MPa and at room temperature was reported by Liu et al. in 1999,61 which 
was much higher than that they reported in 2010 (less than 1.7 wt.%).62 The overestimated H2 
storage capacity was mainly due to the limited amount and nonuniformity of CNT samples, poor 
understanding on the intrinsic characteristics and influence of temperature fluctuations and sample 
volume on the measured hydrogen storage capacity, and improper measurement equipment and 
methodology employed at the initial stages of the studies on hydrogen uptake in CNTs as described 
by the authors.62 The robustness of interactions through which hydrogen is bound within materials 
is a key constraint to tunability, as is the structural-chemical control over the rate at which 
hydrogen is taken up and released. 
 Nanoporous carbonaceous materials may serve as convenient “hosts” in which they are 
useful for the storage, separation, and investigation of various sequestered molecules under strong 
confinement. Novel carbon-based nanomaterials, such as carbon nanofibers (CNF), carbon 
nanotubes (CNT), single-walled carbon nanotubes (SWNTs), double-walled carbon nanotubes 
(DWNTs), multiwalled carbon nanotubes (MWNTs), doped fullerenes and ordered porous carbons 
have been regarded as promising media for the efficient reversible storage and separation of 
chemical species.63 At room temperature, CNF decorated with Pd nanoparticles have achieved 
hydrogen storage capacities approaching 0.59 and 1.38 Wt.% at 9 and 7.7 MPa, respectively.64,65 
Various classes of CNTs have been employed as support materials, with Pd as the catalyst, where 




serving as catalysts on MWNT supports at room temperature, the hydrogen sorption capacities 
were 2.3 and 2.0 Wt.% at 1.5 and 2 MPa.71,72 A maximum hydrogen storage capacity of 0.7 Wt.% 
was obtained at 9 MPa at 298 K in a Pd loaded MAXSORB sample, while the capacities for raw 
carbon nanotubes and MAXSORB under the same pressure were 0.21 and 0.42 Wt.%., 
respectively.68 A Pd doped graphene carbon composite demonstrated a storage capacity of 0.82 
Wt.% of hydrogen at 8MPa under 298 K.73 Several studies have been conducted using different 
types of porous carbon materials at close to room temperature, under different pressures; however, 
to date none of these materials have attained the high capacities that have been set for vehicular 
hydrogen storage.74-82 Recent work in our group has shown that PdCd and PdCdAg catalysts on 
PAC200 substrates exhibited enhanced hydrogen storage capacities, which were achieved at room 
temperature under ambient pressure.29,74 
MOFs have become of great interest due to their broad range of potential applications, 
particularly in the field of heterogeneous catalysis, and for gas storage.83,84 These nanomaterials 
have provided enticing solutions to the hydrogen storage problem due to the physisorptive nature 
of their interactions. The rapid release kinetics of MOFs has served to sustain their stature as a 
frontrunner for hydrogen storage. Advances in bridging the gaps between physi- and chemisorptive 
materials, such as metal hydrides, have also provided dramatic boosts in hydrogen uptake 
capacities, thus providing researchers with even more exciting work for the future. Enhanced 
storage capacities coupled with rapid hydrogen uptake have been demonstrated with 
Pd nanocrystals, encapsulated within a HKUST-1 (copper (II) 1,3,5-benzenetricarboxylate) MOF,  
which was double the storage capacity of bare Pd nanocrystals. The kinetics of 
hydrogen absorption within the Pd nanocrystals was also enhanced by the MOF coating.85 In the 




insertion of Pd nanoparticles into the MOF 101 (Cr) pores, while simultaneously ensuring good 
contact, resulted in the ambient temperature hydrogen uptake of the framework due to the 
formation of palladium hydride.87 By solution infiltration of Pd into MOF-5, the surface area was 
decreased from 2885 m2 g-1 to 958 m2 g-1; however, the hydrogen absorption capacity was increased 
from 1.15 to 1.85 Wt.%.88 When MIL-100(Al) was employed as a host for the synthesis of Pd 
nanoparticles (~2.0 nm) that were embedded within its pores, as described by Zlotea et al.,89 it 
exhibited one of the highest metal contents (10 wt %) without the degradation of the porous host. 
The textural properties of MIL-100(Al) were strongly modified by Pd insertion, leading to 
significant changes in its gas sorption properties.89  
The synthesis of Pd nanoparticles within a porous MOF, incorporating redox active organic 
linkers, was undertaken by Cheon et al.,90 by simple immersion of the MOF solid. Here, the 
hydrogen storage capacity was dependant on the volume of Pd nanoparticles that were loaded 
within the MOF for the duration of immersion. The hydrogen capacities are reported were far 
lower than reported by other methods.90 Recent work by Kalidindi et al.,91 has shown that COFs 
are new class of templates for metal nanoparticles, as they have synthesized a three-dimensional 
covalent Pd@COF-102 hybrid material. The Pd@COF-102 hybrid material is a rare example of a 
metallic nanoparticle-loaded porous crystalline material that has a narrow size distribution without 
the presence of larger agglomerates. At room temperature, the uptake of these samples was 
superior to that of similar systems, such as Pd@MOFs. Studies indicated that the H2 capacities 
were enhanced by a factor of 2–3 through impregnation with Pd on COF-102 at room temperature 
under a pressure of 20 bars. The significantly higher reversible hydrogen storage capacity that 
comes from decomposed products of the employed organometallic Pd precursor suggests that this 




Pd doped double-walled silica nanotubes show promise as a hydrogen storage material at 
room temperature.92 Similar work by Chen et al.,93 has shown that when titanium dioxide 
nanotubes were used as support materials, improved hydrogen sorption was observed.93 Studies 
on new boron and nitrogen based hydrides illustrate how hydrogen release and uptake properties 
may be improved.94 Several works have been carried out with graphene as a support materials 
using Pd as a catalyst for hydrogen storage.78,95-98 Among these, nitrogen doped Pd decorated 
graphene exhibited very high hydrogen capacities of up to 4.4 Wt.% at 298 K and 4 MPa.95 Very 
recent work by Zhong et al.,99 have proposed three dimensional carbon aerogel (CA) as a 
promising support material for hydrogen uptake. The effects of different Pd loads on the hydrogen 
uptake capacities of CAs were investigated, where the results showed that Pd doping imparted a 
negative effect on hydrogen uptake capacity at 77 K. At 298 K, the hydrogen uptake capacity was 
contingent on the Pd content and nanoparticle size in the low pressure region (<1 MPa). The 
hydrogen uptake capacity of the 4.8 Wt.% Pd/CA was ~0.11 Wt.% at 1MPa and 298 K. At higher 
pressures (>1 MPa), the pore volume controls the capacity for hydrogen uptake.99  
Significant improvements in hydrogen storage capacities have been achieved at ambient 
temperatures and pressure via the hydrogen spillover effect by design and utilization of 
nanostructured materials. A summary of the hydrogen spillover and storage capacities of Pd based 
nanomaterials is shown in Table 2.1. It is recommended that several aspects including catalysts 
and supports with high surface areas should be further developed to improve hydrogen storage 

















T (K) P (MPa) Wt.% of H Ref 
Pd 3 CNF 150 298 9 0.59 64 
Pd 2 CNF - 298 7.7 1.38 65 
Pd - CNT - 298 0.1 7 66 
Pd - CNT 89 298 5 0.87 67 
Pd 31.5 SWNT 232 298 9 0.51 68 
Pd 2 DWNT 209 298 3 2.0 69 
Pd 20 CNT - 298 10.7 3.5-4.5 70 
PdNi18 5.5 MWNT - 298 1.5 2.3 71 
PdPt - MWNT 212 298 2 2.0 72 
Pd 49 Maxsorb AC 199 298 9 0.7 68 
Pd/GS - AC 3328 298 8 0.82 73 
Pd - AC-ox1 824 298 8 0.37 75 
Pd 2 ACF 1878 298 2 0.23 76 
Pd 10 AC - 303 5 0.53 77 
Pd 10 AX-21 2466 298 10 1.38 78 
Pd 10 AX-21-O 2362 298 10 0.98 78 
Pd 18.4-24.5 C-nanosheet 80-230 298 0.11 0.1-0.26 79 
Pd 10 OMC 342 298 30 0.80 80 
Pd/Ni 10.2/6.5 TC 874 298 0.5 0.027 81 
Pd 10 TC 712 298 0.5 0.05-0.08 82 
Pd - MIL 101 
(Cr) 
- 298 4.5 0.23 87 
Pd 1 MOF-5 958 77 0.1 1.86 88 
Pd 10 MIL-100 
(Al) 
380 77 4 1.3 89 
Pd 3 MOF 242 298 9.5 0.3 90 
Pd 9.5 COF-102 1419 298 2 0.42 91 
Pd 5,10,15 SN 160-264 298 3.5 0.15-1.9 92 
Pd 10 GO 687 298 10 0.95 78 
Pd 20 N-HEG - 298 4 4.4 95 
Pd - HCS 150 298 2.4 0.36 96 
Pd - N-Graphene 146 298 2 1.9 97 
Pd 1 g-C3N4 26 298 4 2.6 98 




2.7 Oxygen Reduction Reaction 
The potential applications of fuel cells are extensive as they have the capacity to provide 
clean energy and sustainable power.100 Fuel cells directly utilizes fuels (e.g., hydrogen, methanol, 
formic acid) and oxygen and effectively convert their chemical energy into electricity with a high 
power density.101 The difficult challenges associated with fuel cells relate to the development of 
highly active electrocatalysts to reduce the high overpotential at the cathode during the ORR.102 
Platinum (Pt) is considered as one of the preeminent electrocatalysts for ORR. 
Unfortunately, the limited availability and expense of Pt are major constraints that limit its wide 
commercial applications.103 There have been significant advancements made in the elucidation of 
ORR on Pt-based nanomaterials; however, they still struggle with severe stability and consistency 
issues, together with crossover and poisoning effects in the cathodic compartments of the direct 
methanol fuel cell, which result in a decrease in the performance of the catalysts.104 Therefore, it 
is necessary to identify alternate new materials and methodologies to overcome costs related issues 
and to enhance the catalytic performance of electrocatalysts.105  
Graphitic carbon nitride (g-C3N4)   has a planar structure, similar to graphite.
106 It includes 
both pyridinic and graphitic nitrogen moieties, where each C atom is connected to three N atoms. 
Additionally, g-C3N4 may be facilely produced at a large scale with low cost. Recent studies have 
shown that C3N4 is an effective photocatalyst with enhanced visible light response.
107 In contrast, 
the activity of C3N4 as an electrocatalyst for ORR was observed to be very low due to its poor 
conductivity. To further enhance the electrocatalytic activity of g-C3N4, different carbon-based 
materials are integrated as a co-support; meanwhile, metal nanomaterials are employed as catalysts 




Pd based nanomaterials have gained remarkable attraction in miscellaneous research 
studies, comprising catalysis and sensors.109, 110 It may serve as an attractive alternative in the 
development of non-platinum catalysts with catalytic activity similar to Pt.111 Recent studies have 
shown that the active sites for ORR strongly depend on the surface structure of Pd. Kondo et al.112 
have shown that the Pd(100) electrode surface exhibited over three times increase in current 
density in comparison with  the Pt(110) surface for ORR.112 It was reported that in acidic media, 
pure Pd activity is higher than that of all other noble metals, except Pt; however, the tendency of 
Pd dissolution in acidic media decreases the stability of the electrode. On the other hand, it is 
known that in alkaline solutions Pd exhibits high stability and electrocatalytic activity toward ORR 
due to a reduced anion poisoning effect.113 Density functional theory (DFT) calculations based on 
oxygen adsorption and vacancy formation energies indicated that the use of Pd as a co-catalyst 
might play an important role in ORR in case of catalytic behaviour as well as long-term stability.114  
2.8 Summary and Outlook 
Hydrogen storage by spillover is an atomic hydrogen adsorption process, where the surface 
adsorption sites of the adsorbent determine the storage capacity. It is understood that an adsorbent 
that possesses a higher number of surface adsorption sites for hydrogen atoms, should have a 
higher hydrogen spillover capacity. In this regard, carbonaceous compounds are one of the most 
studied classes of materials. To date, however, at ambient temperature and pressure, the hydrogen 
storage capacity of carbonaceous materials is still below the DOE onboard vehicular targets. 
Although the optimization of surface area and pore size may improve hydrogen storage at ambient 
temperature, actual developments may not be possible through the modification of structural 
properties alone. An auspicious strategy for enhancing the strength of the interaction of hydrogen 




MOFs, COFs and other nanostructured materials with metallic nanoparticles that are capable of 
promoting spillover. However, more fundamental research and the development of advanced 
techniques are required to completely understand the kinetics of hydrogen spillover and oxygen 
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Chapter 3: Materials and Methods 
 
3.1 Introduction 
An overview of Pd-based nanomaterials that may be employed in hydrogen storage and 
oxygen reduction reaction were presented in previous chapters, as well as a discussion of the 
underlying challenges for commercial applications. In this chapter, the main experimental 
methodologies and techniques employed to synthesize and characterize materials will be described 
briefly. Details of the experimental procedures and equipment pertaining to each specific study are 
presented in Chapters 4-8. 
3.2 Experimental 
3.2.1 Materials  
Sulfuric acid (99.999%); potassium hydroxide; sodium acetate; sodium borohydride 
(≥98%); Pd(NO3)2; Cd(NO3)2 (≥99%); 2-propanol (≥99.5%); graphene oxide (4mg/mL); urea 
(99.99%); methanol 50% (v/v), and Nafion® perfluorinated ionexchange resin (10 wt.% 
dispersion in water), were purchased from Sigma-Aldrich.  
Palladium foil with a thickness of 0.55 mm were received from Sigma-Aldrich and were 
cut into 0.5 cm x 0.5 cm squares. Pt wire (99.9%, 0.5 mm diameter) were used as received from 
Alfa-Aesar. Rotating disc glassy carbon electrodes (RDGCEs) with surface area of 0.1964 cm2 
were purchased from Pine Research Instrumentation.  
The water was purified with the NANOpure® DiamondTM UV ultrapure water 
purification system and used for cleaning purposes and the preparation of all samples and 






3.2.2 Instruments and Electrochemical Experiments 
The surface morphology and composition of the prepared catalysts were characterized using 
scanning electron microscope (JEOL 5900LV) and transmission electron microscope (JEOL 
2010). The EDX pattern and elemental mapping of the samples was recorded via the EDX 
technique using a Hitachi Su-70 Schotty. The crystalline phase of the synthesised samples were 
obtained using X-ray diffraction (PW1050-3710 diffractometer with a Cu Kα (λ = 1.5405 Å) 
radiation source). X-ray photoelectron spectroscopy studies were done using a Thermo Scientific 
K-α XPS spectrometer. All samples were run at a takeoff angle (relative to the surface) of 90°. A 
monochromatic Al Kα X-ray source was utilized, with a spot area of 400 μm. Charge compensation 
was provided, and the position of the energy scale was adjusted to place the main C 1s feature 
(C−C) at 284.6 eV. All data analysis was performed using XPSPEAK 4.1 software. 
Thermogravimetric analysis was performed (SDTQ600) in a dried air atmosphere with a heating 
rate of 10 °C per minute. Fourier transformer infrared spectroscopy measurements were performed 
using a Bruker TENSOR27 FTIR spectrometer (Bruker Optics, Germany) with a DTGS detector 
and a KBr beam splitter in the range from 400 to 4000 cm−1 at a resolution of 4 cm−1. The N2 gas 
adsorption and desorption studies were conducted using a Quantachrome Nova 2200 surface area 
and pore size analyzer. All of the samples were initially degassed at 250°C for 3 h under vacuum. 
Inductively coupled plasma atomic emission spectroscopy was employed to determine the 
concentrations of metal ions in the solutions prior to and following the photochemical reduction 
experiment.  
The catalytic activity and electrochemical performance of all catalysts were investigated 
using a VoltaLab Potentiostat PGZ301. A three-electrode cell system was employed in all the 




annealed prior to the experiments. The reference electrode utilized was a silver/silver chloride 
(Ag/AgCl). All measurements were conducted at room temperature (22 ± 2°C). 
3.2.3 Fabrication of Electrodes 
3.2.3.1 Fabrication of Nanomaterials  
The synthesis of the Cd:Pd and Cd@Pd nanostructure can be divided into two steps: (i) formation 
of the Cd core nanoparticles; (ii) development of the shell by subsequent reduction of the Pd 
precursors, where the Cd nanoparticles act as “seeds”. Initially Cd cores were prepared by adding 
5.0 mL of 0.02 M Cd(NO3)2 solution into 25.0 mL of 0.5 M sodium acetate solution and being 
stirred for 90 min. Then the mixed solution was added dropwise into 50.0 mL of a 0.4 M sodium 
borohydride solution at room temperature, and stirred for 3 h. To synthesize the Cd:Pd and Cd@Pd  
nanoparticles, stoichiometric volumes of a 0.02 M Pd(NO3)2 precursor were added dropwise into 
the Cd core solution to obtain the desired ratios of Cd:Pd and Cd@Pd nanoparticles. After three 
hours of stirring, the obtained colloidal solution was centrifuged at 12,000 rpm for 15 min and 
rinsed several times with water. The final product was dried in a vacuum oven overnight at 45ᴼC. 
Pd@Cd(1:2) core/shell nanostructures were synthesised using same approach as Cd@Pd core/shell 
nanoparticles, where Pd acted as core and Cd as the shell. For comparison purposes Pd 
nanoparticles were prepared by adding 5.0 mL of 0.02 M Pd(NO3)2 solution into 25.0 mL of 0.5 
M sodium acetate solution and being stirred for 90 min. Then the mixed solution was added 
dropwise into 50.0 mL of a 0.4 M sodium borohydride solution at room temperature, and stirred 
for 3 h. The solution was centrifuged at 12,000 rpm for 15 min and rinsed several times with water. 






3.2.3.2 In-situ Heat Treatment of Pd Thin Foil 
The heating of Pd thin foil was carried out in an Anton-Paar HTK-1200 high temperature oven 
chamber. The sample holder made of aluminium oxide (corundum) which contribute to extra peaks 
in the XRD pattern. The sample holder is motor-powered in order to adjust the height and the 
incidence of the sample comparatively to the incident X-ray beam. Argon gas was passed through 
out the in-situ XRD temperature experiments to avoid the formation of oxide on the surface of the 
Pd thin film. The temperature sensor in HTK 1200N is located right beneath the sample in a 
protective ceramic sample holder. In this experiments the temperatures of the Pd foils were raised 
at a ramp speed of 10 °C per minute and heated to their respective temperature, once the chamber 
attains the specific temperature the XRD patterns were recorded. The samples were cooled down 
at a ramp rate of 5 °C per minute. Once the samples attained room temperature, the samples were 
taken out of the in-situ chamber and the XRD patterns were recorded using spinning stage XRD 
to avoid corundum peaks which were present during in-situ treatment. After XRD all samples were 
stored in argon atmosphere at room temperature for the electrochemical measurements.   
3.2.3.3 Synthesis of Pd/rGO Nanocomposite 
The fabrication of Pd/rGO nanocomposites was achieved via the in situ electrochemical 
reduction of the GO and Pd precursors. The GCE surface was polished with alumina powder (0.5 
µm) followed by sonication in pure water for 1 min. A 20 µL mixture of GO (0.5 mg/mL), 
Pd(NO3)2 (10mM) and Nafion (0.5%) was cast on the GCE and then allowed to air dry. The in situ 
formation of Pd NPs and rGO nanocomposites on the GCE was achieved using cyclic voltammetry 
(CV) in 0.1 M Na2SO4 (pH 7) by cycling the electrode potential between +0.5V and -1.2V (vs 
Ag/AgCl) at 10mVs for ten cycles. For comparison, Pd NPs and rGO were prepared individually 




3.2.3.4 Synthesis of g-C3N4 and Pd-g-C3N4 
Urea (99.99%) was employed in this work to synthesize the g-C3N4 nanomaterials. In a typical 
reaction, 15.0 g urea was added to 20.0 ml of distilled water. The solution was stirred for 30 min 
until all of the urea was dissolved, and then heated to 400 °C. The solid products obtained were 
heated further at 450 °C in a closed chamber oven for 3 h.22 The Pd NPs were directly deposited 
onto g-C3N4 using a facile photo-assisted reduction process. To deposit Pd NPs onto the g-C3N4, 
10.0 mM Pd(NO3)2 and 1.0 mg of synthesized g-C3N4 were added in 5 mL of ultrapure water and 
sonicated for 15 min. Subsequently, 5 mL of 50% (v/v) methanol was added to the above solution, 
thereafter it was deaerated for 20 min with ultrapure argon gas. The solution was then irradiated 
by UV-Visible light for 60 min and finally rinsed with ultrapure water several times and 
centrifuged and dried in a vacuum oven at 40 °C overnight. The mass of the Pd NPs (10%) loaded 
onto the carbon nitride was indirectly measured using inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) and further confirmed by TGA.  
3.3 Summary 
This chapter has presented the materials used in this Ph.D. thesis. The experimental procedures 
and techniques used for fabrication and characterization of Pd thin foil and Pd-based nanomaterials 
were discussed in detail. The following chapter will present a synthesis and electrochemical study 
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Chapter 4: Synthesis and Electrochemical Study of Cd@Pd 
Core/Shell Nanomaterials for Hydrogen Sorption and Storage 
4.1 Introduction 
One proposed solution toward the amelioration of the global energy crisis is thought to be 
the establishment of a hydrogen economy; however, its realization is still quite distant. 
Hydrogen is not naturally occurring on earth, but it is a fundamental component of the 
universe. The hydrogen must be artificially produced and the storage of hydrogen is 
challenging, as under atmospheric conditions its energy density is 1/3000 less than that of 
gasoline.1,2 The discovery of hydrogen storage materials with long term sustainability 
toward enabling our energy future is one of the most challenging problems to be overcome 
in the establishment of a hydrogen economy.3,4 Hydrogen is set to be become a key energy 
in bridging the gap between intermittent renewables and rapidly depleting fossil fuels.5 
Current potential hydrogen storage technologies encompass high pressure gas, cryogenic 
tanks, metal hydrides, complex hydrides and metal organic frameworks.6-12 In recent years, 
significant attention has gravitated to metal hydride materials due to their unique storage 
attributes, which may readily take up and release large volumes of hydrogen.13-15 
Recently, it has been demonstrated that bimetallic core/shell nanocatalyst possess 
superior catalytic properties, which are not attainable via their bimetallic alloy and 
monometallic counterparts.16,17 The design and establishment of nanostructured core/shell 
boundaries have been observed to enable major alterations in physical and chemical 
 
*The results presented in this chapter have been published in the International Journal of 




properties that play critical roles in technological applications.18-26 The relationship 
between a core and shell may be regarded as a type of phase separation, which involves a 
core that is encapsulated by a metallic shell.27 The enhanced stability and compatibility of 
core/shell nanostructured materials may be achieved through the kinetic trapping of a core 
nanoparticle that is surrounded by a metallic shell, which might alter the functionality and 
properties of the core, as well as the shell, resulting in the provision of a natural vehicle 
toward obtaining multifunctional materials.28 The catalytic performance of nanostructured 
core/shell materials may be effectively tuned by optimizing their size, structure, and 
composition.29-31 However, further efforts are still required to fully elucidate the intimate 
relationship between hybrid material structures and their electrocatalytic properties.32 The 
electronic surface properties of the core/shell nanoparticles may be modified by the lattice 
strain that is established within these core/shell nanostructures, as well as the heterometallic 
bonding interactions between the core/shell nanoparticles.33 The size and structure of 
palladium plays an important role in its uptake of hydrogen during electrochemical 
sorption.34 Pd has the capacity to reversibly store a very large volumetric amount of 
hydrogen at room temperature and is proven to be extremely stable;35 however, the poor 
gravimetric capacity and exorbitant cost of Pd make it unsuitable for use as the sole metal 
for hydrogen storage.36,37 Our recent studies have shown that Cd and Pd have robust 
electronic interactions, which significantly boost the hydrogen electrosorption properties 
of Pd.38,39 The enhanced hydrogen spillover effect was achieved through the modification 
of the electronic structure of Pd via the presence of Cd, as the interaction between Cd-H is 
much lower than that of Pd-H.40 The low cost and abundance of Cd make it an attractive 




a more expensive Pd shell material is thus economically favourable. Although Cd is used 
in many applications, such as coatings, pigments, batteries, plating alloys, and as a stabilizer 
for plastics, it is considered to be a potential environmental hazard. It is anticipated that the 
hazardous nature of Cd might be suppressed via its incorporation as a core material.  
In the present study, Pd and CdPd nanoparticles as well as Cd@Pd and Pd@Cd core/shell 
nanomaterials having various compositions were synthesized and studied for hydrogen sorption. 
To the best our knowledge, this is the first report on a core/shell nanostructure with Cd as the core 
and Pd as the shell. The effects of a capping agent on the formation of the core/shell, as well as on 
hydrogen sorption and storage were studied. Five different catalyst compositions (Pd, CdPd(1:1), 
Cd@Pd(1:2), Pd@Cd(1:2) and Cd@Pd(1:3)) were selected and prepared for systematic 
investigation. The objective of this study was to determine the ideal catalyst composition of a 
nanometric core/shell entity for improved hydrogen sorption and storage. Our studies have shown 
that a Cd@Pd core/shell nanomaterial with an optimized composition of 1:2 significantly enhances 
hydrogen sorption and storage capacity, in comparison to pure Pd and CdPd nanoparticles. 
Palladium serves not only as a catalyst for hydrogen sorption, but also protects the Cd core from 
corrosion due to the formation of the Cd@Pd core/shell nanostructure. 
In this chapter, when I started my PhD, Cassandra K. Ostrom assisted with the initial 
electrochemical experiments like CV (Fig. 4.5) and CA (Fig. 4.8). All the material characterisation, 









Sodium acetate was employed as a capping agent and sodium borohydride was used as a 
reducing agent. Cd(NO3)2.4H2O and Pd(NO3)2.xH2O were used as metallic precursors for 
the synthesis of the Pd, CdPd, Cd@Pd and Pd@Cd nanoparticles. All chemicals were 
purchased from Aldrich. Pure water (18.2 MΩ cm) was obtained from a NANOpure 
Diamond UV ultrapure water purification system and was used in the preparation of all 
samples and solutions. 
4.2.2 Fabrication of Nanomaterials 
The synthesis of the Cd:Pd and Cd@Pd nanostructure can be divided into two steps: (i) formation 
of the Cd core nanoparticles; (ii) development of the shell by subsequent reduction of the Pd 
precursors, where the Cd nanoparticles act as “seeds”. Initially Cd cores were prepared by adding 
5.0 mL of 0.02 M Cd(NO3)2 solution into 25.0 mL of 0.5 M sodium acetate solution and being 
stirred for 90 min. Then the mixed solution was added dropwise into 50.0 mL of a 0.4 M sodium 
borohydride solution at room temperature, and stirred for 3 h. To synthesize the Cd:Pd and Cd@Pd  
nanoparticles, stoichiometric volumes of a 0.02 M Pd(NO3)2 precursor were added dropwise into 
the Cd core solution to obtain the desired ratios of Cd:Pd and Cd@Pd nanoparticles. After three 
hours of stirring, the obtained colloidal solution was centrifuged at 12,000 rpm for 15 min and 
rinsed several times with water. The final product was dried in a vacuum oven overnight at 45ᴼC. 
Pd@Cd(1:2) core/shell nanostructures were synthesised using same approach as Cd@Pd core/shell 
nanoparticles, where Pd acted as core and Cd as the shell. For comparison purposes Pd 
nanoparticles were prepared by adding 5.0 mL of 0.02 M Pd(NO3)2 solution into 25.0 mL of 0.5 




dropwise into 50.0 mL of a 0.4 M sodium borohydride solution at room temperature, and stirred 
for 3 h. The solution was centrifuged at 12,000 rpm for 15 min and rinsed several times with water. 
The final product was dried in a vacuum oven overnight at 45ᴼC. 
 
Scheme 1. Schematic Illustration of the Fabrication of the Cd@Pd Core/Shell Nanostructures. 
4.2.3 Preparation of Electrodes  
The working electrodes used in this study were glassy carbon electrodes (GCEs) (0.1964 cm2 
surface area), which were coated with the synthesized nanoparticles. Prior to coating, the GCE 
surface was polished to a high sheen. The coating solution was prepared by dispersing 1.0 mg of 
the fabricated nanoparticles in 1.0 mL of 40% isopropanol, which was then sonicated for 20 min 
to obtain uniform nanoparticle dispersion. This was followed by the addition of 10 µL Nafion with 
further sonication for an additional 20 min. A total of eight coats of 10 µL aliquot solutions were 
applied to the GCE surface and allowed to dry overnight. 
4.2.4 Instruments 
The surface morphologies of the synthesized samples were characterized using JEOL 2010 
transmission electron microscopy (TEM). X-ray diffraction patterns were recorded using a 
Pananalytical Xpert Pro Diffractometer with a Ni filtered monochromatic Cu Kα (1.5406 Å, 2.2 




Scientific K-Alpha XPS spectrometer. The samples were run at a takeoff angle (relative to the 
surface) of 90◦. A monochromatic Al Kα X-ray source was employed with a spot size of 400 µm. 
The position of the energy scale was adjusted to position the main C1s feature (C-C) at 284.6eV. 
All data acquisition was enabled by XPSPEAK 4.1 software. The nanomaterial’s composition was 
examined by energy dispersive X-ray spectrometry (EDX). Inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) was employed to determine the concentrations of the precursors 
in solution, prior to, and following the reduction of NaBH4. 
4.2.5 Electrochemical Studies 
An assessment of the electrochemical performance of the electrodes for hydrogen 
adsorption/absorption was carried out using cyclic voltammetry (CV) and 
chronoamperometry (CA), which involved a three-electrode cell system and a Volta Lab 
PGZ402 potentiostat. The counter electrode used was a Pt wire coil (10 cm2), which was 
cleaned prior to each experiment via flame annealing and quenching with NANOpure 
water. The reference electrode was comprised of silver-silver chloride (Ag/AgCl) in 1 M 
KCl. All electrode potentials mentioned from this point forward are with respect to the 
Ag/AgCl electrode. The working electrodes were prepared by coating a GCE with the 
synthesized nanoparticles. Prior to the electrochemical experiments, ultrapure argon gas 
(99.999%) was bubbled through a 0.5 M H2SO4 electrolyte solution for approximately 15 
min, and the argon was continuously passed over the solution during the electrochemical 
measurements. CA was performed to completely saturate the films with hydrogen, where 
the electrode potential was held at a range of -50 to -230 mV for 3 min. Linear Voltammetry 




hydrogen. Data acquisition and analysis were performed using VoltMaster 4 software; and 
all experiments were carried out at room temperature. 
4.3 Results and Discussion 
4.3.1 Surface Analysis  
The surface morphologies of the Pd, CdPd(1:1), Cd@Pd(1:2), Cd@Pd(1:3) nanoparticles prepared 
in the presence of the capping agent and the Cd@Pd(1:2) sample fabricated in the absence of the 
capping agent were characterized using a TEM. Fig. 4.1 presents the typical TEM and high-
resolution TEM (HRTEM) images of the Pd nanoparticles and the Cd@Pd(1:2) nanoparticles. As 
seen in Fig. 4.1b, the average particle size of the formed Cd@Pd(1:2) core/shell nanomaterials was 
~6.0 nm, which is slightly smaller than that of the Pd nanoparticle (Fig. 4.1a). For comparison, the 
TEM images of the CdPd(1:1) and Cd@Pd(1:3) nanoparticles prepared in the presence of the 
capping agent and the Cd@Pd(1:2) sample fabricated in the absence of the capping agent are 
displayed in Fig. 4.2. The particles formed in the absence of the capping agent were significantly 
larger, demonstrating the effective usage of the capping agent in the present study. The lattice 
spacing distance d between the adjacent planes was calculated using the HRTEM images where 
the lattice fringes were clearly observed. In the case of the Pd nanoparticles (Fig. 4.1c), the value 
of d = 0.229 nm may be attributed to the Pd{111} plane. The Cd@Pd(1:2) core/shell structure 
(Fig. 4.1d) exhibits two distinctive d values: 0.256 nm of the Cd{100} plane and 0.233 nm which 












Figure. 4.1 TEM and HRTEM images of the Pd nanoparticles (a and c) and the 























Figure. 4.2 TEM image of (a) CdPd(1:1), (b) Cd@Pd (1:3) nanoparticles synthesised with capping 









XRD patterns of the Cd nanoparticles and Pd nanoparticles and the Cd@Pd(1:2) core/shell 
nanomaterial synthesized in the presence of the capping agent are presented in Fig. 4.3a. It 
is obvious that all the Cd and Pd peaks observed for Cd and Pd nanoparticles appeared in the XRD 
pattern of the formed Cd@Pd(1:2) core/shell nanostructure and that there was no significant peak 
shift, indicating the Pd and Cd phase separation as well as the non-existence of a PdCd alloy. The 
lattice constant value for the Pd in the case of the Cd@Pd(1:2) nanoparticles was calculated to be 
3.90 Å, which is slightly larger than that of the pure Pd nanoparticles (3.89 Å).42 The small increase 
in the lattice constant may be attributed to the weak interaction between the Cd core and the Pd 
shell. 
 The compositions of the synthesized nanoparticles were examined using both EDX 
directly and ICP-AES analysis indirectly. The EDX spectra of Pd, Cd and Cd@Pd(1:2) 
nanoparticles are shown in Fig. 4.3(b), confirming the presence of both Cd and Pd in the 
Cd@Pd(1:2) nanostructures. A quantitative analysis of these EDX spectra showed that the 
composition of the prepared catalysts was consistent with the initially added metallic 
precursors. This was further confirmed by ICP-AES analysis. The solutions containing the 
metal precursors, prior to and following the preparation of the core/shell nanoparticles, 
were analysed by ICP-AES for the metal contents of Pd and Cd listed in Table 4.1. In the 
case of Cd, almost 100% of Cd2+ ions were completely reduced; whereas over 99.5% of 
Pd2+ ions were reduced in solution in most cases. Through the subtraction of the final metal 
concentrations from the initial metal content, it was found that the bulk composition of the 
formed core/shell nanoparticles was equivalent to the input compositions, showing that the 
chemical reduction method utilized in this study was efficacious in controlling the 










Table 4.1. ICP-AES results of the concentration of Pd2+ and Cd2+ remaining in solution prior to 
and following chemical reduction with sodium borohydride. 
 
To investigate the chemical nature of the formed core/shell metallic nanoparticles, an XPS 
technique was employed, with the results shown in Fig. 4.4. Fig. 4.4a presents the elemental 
survey scans of the five different samples, revealing the strong Cd and Pd peaks for the 
CdPd and Cd@Pd nanoparticles, as well as the presence of trace amounts of a Carbon 1s 
peak at approximately 284 eV, an oxygen 1s peak at approximately 531 eV, which could 
be due to atmospheric O2, CO2, and H2O absorption during the sample preparation and 
storage. For all of the samples, Pd 3d doublets and Pd 3p peaks were observed at ~335.4 
and 560.0 eV, respectively. The Cd 3d doublet peaks appeared at 406 eV for the core/shell 
nanoparticles. The high resolution spectra of Pd 3d in the case of pure Pd nanoparticles and 
the Cd 3d and Pd 3d regions of the Cd@Pd(1:2) sample are displayed in Figs. 4.3b – 4.3d. 
The binding energies of the Pd 3d3/2 and Pd 3d5/2 peaks for the Pd nanoparticles (Fig. 4.4b) 
were measured at 340.5 and 335.5 eV, respectively. In the case of Cd@Pd core/shell 
nanoparticles, the Cd 3d doublet peaks (Fig. 4.4c) were measured at 412.2 and 405.5 eV, 
while the Pd 3d doublet peaks (Fig. 4.4d) appeared at 341.0 and 335.6 eV.  










Pd 68.65 0.00 0.0417 0.000 0:100 
CdPd (1:1) 66.51 70.25 1.498 0.002 50:50 
Cd@Pd (1:2) 129.00 68.12 0.576 0.001 33:67 

















Figure. 4.4 (a) XPS survey scans of the five samples; (b) high resolution spectrum of Pd 
3d region of the pure Pd nanoparticles; (c) high resolution spectrum of Cd 3d region; and 












By fitting the high resolution XPS spectra, the oxidation states of the formed Pd and 
Cd@Pd nanoparticles were determined, revealing that Cd was mainly in its metallic state. 
For comparison, Table 4.2 presents the binding energy and the Pd oxidations states of Pd, 
CdPd(1:1), Cd@Pd(1:2) and Cd@Pd(1:3) nanoparticles synthesized in the presence of the 
capping agent and the Cd@Pd(1:2) particles prepared in the absence of capping agent. 
 
Table 4.2. Binding energy and the Pd oxidations states of all the five samples. 
 
Catalyst Species 
Binding Energy (eV) Relative area 
peak (%) Pd3/2 Pd5/2 
Pd 
Pd(0) 340.5 335.5 65.1 
Pd(II) 342.5 337.1 34.9 
Cd:Pd(1:1) 
Pd(0) 340.7 335.3 72.9 
Pd(II) 342.9 337.2 27.1 
Cd@Pd(1:2) 
Pd(0) 341.0 335.6 62.5 
Pd(II) 342.8 336.9 37.5 
Cd@Pd(1:3) 
Pd(0) 340.8 335.4 70.8 
Pd(II) 342.4 336.8 29.2 
Cd@Pd(1:2) No 
Capping agent 
Pd(0) 340.8 335.5 61.3 






4.3.2 Electrochemical Activity of the Synthesized Pd-based Nanostructures 
Fig. 4.5a presents typical CVs of the Cd@Pd(1:2) nanoparticles prepared in the presence 
(red curve) and absence (green curve) of the capping agent, which were recorded in 0.5 M 
H2SO4, in the electrode potential range of between -225 and 400 mV, at a scan rate of 10 
mV/s. Significant differences in hydrogen sorption and desorption were observed from the 
two CVs when the potentials were scanned from 100 mV to -225 mV. For the Cd@Pd 
nanoparticles synthesized in the presence of the capping agent, when scanning the electrode 
potential was from 400 to -225 mV, hydrogen adsorption began at 100 mV. The cathodic 
current slowly increased when the potential was altered from 100 to -180 mV, and rapidly 
increased with further negative potential scanning. It is difficult to decouple the absorption 
process from the adsorption process in the hydrogen region due to the high current that is 
caused by hydrogen absorption, which dominates and covers the adsorption processes.43 A 
large peak centred at -130 mV, followed by a broad shoulder in the range from -100 to 0 
mV, appeared due to hydrogen desorption when the electrode potential was scanned from 
-225 to 400 mV. In contrast, for the Cd@Pd nanoparticles prepared in the absence of the 
capping agent, the currents for both hydrogen sorption and desorption were much smaller, 
with a notable hydrogen sorption peak at -200 mV and a broad hydrogen desorption peak 
at -100 mV. The integrated charges from the CVs for hydrogen desorption were 458 mC 
and 75 mC for the Cd@Pd nanoparticles, synthesized with and without capping agents, 
respectively, revealing that the capping agent played an important role in increasing the 
hydrogen electrosorption capacity. The significant improvement may be attributed to the 
formation of the uniform and small size of the Cd@Pd nanoparticles with the help of the 




























Figure. 4.5 (a) CVs of the Cd@Pd(1:2) core/shell nanomaterials prepared in the presence 
and absence of the capping agent. (b) CVs of the Pd@Cd(1:2) and Cd@Pd(1:2) core/shell 
nanostructures synthesized in the presence of the capping agent. Solution: 0.5 M H2SO4; 




 To further confirm whether the Cd@Pd(1:2) core/shell structure was formed, we 
prepared Pd@Cd(1:2) nanoparticles using the identical approach in the presence of the 
capping agent. It was expected that the hydrogen sorption and desorption charge should be 
significantly decreased if the Pd@Cd core/shell structure is formed, as Cd would serve as 
an inactive layer to suppress the hydrogen sorption at the Pd surface. Fig. 4.5b compares 
the CVs of the Cd@Pd(1:2) and Pd@Cd(1:2) nanoparticles recorded in 0.5 M H2SO4 at a 
scan rate of 10 mV/s. A diminutive but well-defined pair of hydrogen sorption and 
desorption peaks were observed for the Pd@Cd (1:2) nanoparticles. The charge for 
hydrogen desorption at the Pd@Cd(1:2) nanoparticles was integrated from the CV to be 
5.20 mC, which is only 1.2% of the hydrogen desorption charge of the Cd@Pd(1:2) 
nanoparticles. These results demonstrate that the Cd@Pd(1:2) and Pd@Cd(1:2) core/shell 
structures were successfully formed under experimental conditions employed in this study. 
As the Pd@Cd(1:2) core/shell nanostructures shows negligible amounts of hydrogen 
desorption charge in comparison to Cd@Pd(1:2) core/shell nanostructures, as well as Cd is 
exposed on the surface, no further electrochemical experiments and characterisation 





Figure. 4.6 CVs of the synthesized Pd, CdPd(1:1), Cd@Pd(1:2) and Cd@Pd(1:3) 
nanomaterials  recorded in 0.5 M H2SO4 at a scan rate of 10 mV/s. 
 To optimize the formed Pd based nanostructures, nanoparticles with different ratios of 
Cd to Pd were synthesized in the presence of a capping agent. Fig. 4.6 depicts the CVs of 
the pure Pd, CdPd(1:1) and Cd@Pd(1:2 and 1:3) core/shell nanoparticles recorded in 0.5 
M H2SO4 at a scan rate of 10 mV/s. The CV of the PdCd(1:1) nanoparticles was different 
from the other CVs presented in Fig. 4.6; but similar to the CVs of the PdCd alloyed 
nanodentrites and nanoparticles.39 A very broad peak located in the electrode potential 
range from -200 to –50 mV for hydrogen desorption was observed. The peak current was 
lower than that of the pure Pd nanoparticles (black curve). These results showed that PdCd 




using the identical synthesis approach. When the Cd:Pd ratio was increased to 1:2, a 
Cd@Pd core/shell structure was formed, resulting in a significant increase in hydrogen 
sorption and desorption. When the ratio was further increased to 1:3, the current density of 
the large hydrogen desorption peak, centred at around -130 mV, was significantly 
decreased, and a small pair of hydrogen adsorption and desorption peaks appeared at ~ 0.0 
mV. This might be attributed to a decrease in the surface area per unit Pd mass, as well as 
the decrease of the interaction between the Cd core and the Pd surface, as the addition of 
Pd might simply increase the thickness of the shell. The integrated charge densities for 
hydrogen desorption was increased in the following order: PdCd(1:1) [79.8 mC] < Pd 
[135.0 mC] < Cd@Pd(1:3) [185.0 mC] < Cd@Pd(1:2) [458.0 mC], showing that the 1:2 
ratio was the optimized composition of the formation of the Cd@Pd core/shell 
nanostructure for hydrogen sorption. 
4.3.3 Potential and Composition Dependence of Hydrogen Sorption at Pd-based 
Nanostructures 
To investigate the kinetics and the capacity of hydrogen sorption, chronoamperometry was 
performed at different electrode potentials with varied time periods immediately followed 
by linear voltammetry, where the electrode potential was scanned from the held potential 
to 400 mV. It was found that increasing the holding period from 1 to 3 min resulted in an 
increase of the hydrogen desorption charge measured from the linear voltammogram (LV). 
However, no further increase of the charge was observed with a further increase of the 
holding time, revealing that 3 min was sufficient to ensure the complete saturation of 
hydrogen into the thin film of the nanoparticles and the core/shell nanomaterials, which 





















Figure. 4.7 LVs of the synthesized Pd, CdPd(1:1), Cd@Pd(1:2) and Cd@Pd(1:3) 
nanomaterials  after being held at the potential -180 mV (a) and -210 mV (b)  for 3 min. 




Fig. 4.7a and b present the LVs of the synthesized Pd and CdPd nanoparticles, as well as 
the Cd@Pd(1:2) and (1:3) core/shell nanostructures, subsequent to being held at -180 and 
-210 mV for 3 min, respectively. This revealed that the volume of the uploaded hydrogen 
depended strongly on the composition and structure of the Pd-based nanomaterials and the 
held electrode potential. The peak potential and peak current density for the hydrogen 
desorption are listed in Table 4.3. For all four electrodes, a significant increase in the peak 
current and a dramatic positive shift for the peak potential were observed when the applied 
electrode potential was decreased from -180 to -210 mV. 
 
Table 4.3. Peak potential and peak current density measured from Fig. 4.6. 






















































Figure. 4.8 LVs of the pure Pd nanoparticles (a) and the Cd@Pd(1:2) core/shell 
nanostructures (b) subsequent to holding the different potentials for 3 min. Solution: 0.5 M 




 To further investigate the effect of the held electrode potential on hydrogen sorption and 
storage, Fig. 4.8 presents a series of LVs of the Pd nanoparticles (a) and the Cd@Pd(1:2) 
nanostructures (b) recorded in 0.5 M H2SO4 at a sweep rate of 10 mV/s, following complete 
saturation with hydrogen for 3 min at potentials that varied from -50 to -210 mV. When the 
held electrode potential was lowered, from -50 to -180mV, the current for the hydrogen 
desorption/oxidation peak was slowly increased with a negative shift of the peak potential. 
Further lowering of the held potential from -180 to -200 mV, the peak current was increased 
significantly, with a positive shift of the peak potential. While the held potential was 
lowered, from -200 to -210 mV, the peak current was slightly altered with a small positive 
shift. Similar behaviours were also observed with the synthesized CdPd(1:1) nanoparticles 
and the Cd@Pd(1:3) nanomaterials, reflecting the fact that under electrochemical 
conditions, the volume of hydrogen stored into the Pd-based nanomaterials is potential 
dependent, where a lower electrode potential corresponds to higher hydrogen pressure in 
gas phase experiments.38,44,45 
 In order to quantitatively examine the effects of the held potential on the capacity of 
hydrogen sorption at the Pd, CdPd and Cd@Pd core/shell nanoparticles, the total hydrogen 
discharge was calculated by integrating the current of the hydrogen desorption/oxidation 
measured from LV, as displayed in Fig. 4.8. The overall hydrogen oxidation charges (QH) 
for all of the samples at the various held potentials are presented in Fig. 4.9. For all of the 
samples, QH was increased when the held potential was lowered, from -50 to -210 mV. A 
significant increase in QH was observed when the held potential was decreased from -180 
to -200 mV, which was due to the phase transition. The adsorption and absorption of 




The α phase appears at low concentrations of hydrogen, where a solid solution is formed. 
At high concentrations of hydrogen, the β phase appears, where metal hydride is formed, 
resulting in an increase in the lattice constant. As seen in Fig. 4.8, the electrode potential 
range of above -180 mV corresponds to the α phase of hydrogen sorption, while the 
potential range below -200 mV corresponds to the β phase hydrogen sorption. The electrode 
potentials between -180 and -200 mV represent the α phase and β phase transition region. 
A comparison of QH presented in Fig. 4.9 reveals that the hydrogen sorption of the 
synthesized Pd based nanomaterials was altered in the following order: CdPd(1:1) < Pd < 
Cd@Pd(1:3) < Cd@Pd(1:2), showing that the Cd@Pd core/shell nanoparticles with a 1:2 
ratio exhibited the highest capacity for hydrogen storage. The QH ratios of the Cd@Pd 
core/shell nanostructures in contrast to the pure Pd nanoparticles at different electrode 
potentials were calculated and are presented as an inset of Fig. 4.9. The average of the QH 
ratios was further calculated to be 3.40 with a standard deviation of 0.40, showing that by 
forming the Cd@Pd(1:2) core/shell nanostructures, a 340% increase in the hydrogen 





























Figure 4.9. The overall hydrogen desorption charge, QH, normalized by the mass of Pd versus the 
held electrode potentials. Inset: QH ratio of the Cd@Pd(1:2) core/shell nanostructures to the pure 











In summary, a facile and efficient approach was developed for the synthesis of Cd@Pd 
core/shell nanostructures. This method is effective for controlling the compositions of the 
formed core/shell nanoparticles. The effect of a capping agent was investigated, showing 
that it plays an important role in the formation of the uniform and small size of the Cd@Pd 
nanoparticles, resulting in a significant improvement in hydrogen sorption and storage. The 
formation of the Cd@Pd core/shell nanostructure was confirmed by the HRTEM and XRD 
analysis as well as the cyclic voltammetric studies based upon the electrochemical 
behaviours of hydrogen sorption and desorption. The capacity for the hydrogen sorption 
and storage depended strongly on the composition and structure of the formed Pd-based 
nanomaterials, as well as the applied electrode potential. It was increased in the following 
order: CdPd(1:1) <Pd <Cd@Pd(1:3) <Cd@Pd(1:2), showing that the Cd@Pd core/shell 
nanoparticles with a 1:2 ratio exhibited the highest capacity for hydrogen storage. The 
electrode potential range above -180 mV corresponded to the α phase of hydrogen sorption, 
while the potential range of below -200 mV corresponded to the β phase hydrogen sorption. 
A significant increase in the peak current and a dramatic positive shift for the peak potential 
were due to the α phase and β phase transition when the held electrode potential was 
lowered, from -180 to -200 mV. Our studies have shown that by forming Cd@Pd core/shell 
nanostructures with an optimized composition of 1:2, a 340% increase in hydrogen storage 
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Chapter 5: Significant Enhancement of Electrosorption of Hydrogen 
into Palladium via a Facile Annealing Process 
5.1 Introduction 
 Metal hydrides have attracted considerable attention across diverse areas of research due 
to the well-known fact that hydrides may alter a wide range of the properties of metals such 
as their chemical, physical, and mechanical parameters. However, in a majority of reported 
results the witnessed changes were reversible and disappeared during the disintegration of 
the hydride.1 These occurrences are thought provoking for theoretical studies and may also 
be efficaciously applied in practice. Metal hydrides have been predominantly identified as 
auspicious materials for the effective and safe storage of hydrogen.2-7 
 Palladium exhibits excellent features for real-world use as an important catalyst, 
encompassing an extensive diversity of applications, predominantly in organic coupling 
reactions,8 hydrogen purification and storage9 and in unique materials such as switchable 
mirrors10,11 and hydrogen sensors.12,13 The exceptional characteristics of Pd, comprising its 
capacity to adsorb great volumetric amounts of hydrogen at ambient temperatures and 
pressure (following the reversible formation of palladium hydride (PdHx)), make it a perfect 
candidate for hydrogen fuel cell applications, specifically, toward the development of a 
hydrogen based economy.14-19 The discovery of PdHx occurred ~150 years ago, which 
comprises one of the well-studied metal/hydrogen systems. However, changes in the 
properties of Pd due to metal hydrides are being actively pursued.20,21  
 
*The results presented in this chapter have been published in the International Journal of 





 In recent years, Schwarz et al.22 examined the unpredictably opposed performance of 
binary shear moduli C44 and C’=1/2(C11 - C12) of PdHx on the atomic portion of H/Pd. This 
study revealed that the opposed dependency behaviour is primarily due to the co-occurrence 
of two phases within the crystal referred to as alpha (α) and beta (β).23,24 It is noteworthy 
that the sorption of hydrogen into the metallic structure leads to an enlargement of the metal 
lattice, which ultimately results in the creation of stress within the foil.25 Internal stresses 
so developed within the metal can lead to cracking of metallic thin foils.  
 Annealing comprises a method of heating metals to an exact temperature, and then 
letting them to cool down at a particular rate, which eliminates internal stresses and results 
in a superior microstructure of crystals, referred to as grains or crystallites. It offers a well-
organized way to manipulate the characteristics of metals by governing the speeds of 
diffusion and cooling within the microstructure.26 The properties of the crystallites are the 
most critical feature that defines the kinetics of the electrosorption of hydrogen into the 
metals. A complete elucidation of the phase changes that occur during hydride formation 
is crucial for the development of a successful hydrogen based economy.  
  In the present study, we investigate the effect of annealing on Pd thin foils for the 
electrochemical hydrogen uptake. Changes in the crystal size and lattice parameters under 
high temperatures and following annealing have been studied in detail. The morphological 
and structural changes, as well as lattice parameters, played an important role in the uptake 
of hydrogen into the Pd thin foil. Here we address the significant issue of how annealing 
may affect the phase transition in Pd thin foil behaviour which results in changes in the 
uptake of hydrogen capacity due to stresses generated during the formation of the hydride. 




electrochemical studies using cyclic voltammetry and chronoamperometric techniques for 
the determination of hydrogen uptake capacities.  
In this chapter, Mona Amiri assisted with the spinning stage XRD experiments (Fig. 5.3). Rest 
of the material characterisation, analysis and the electrochemical studies were performed by me.      
5.2 Experimental  
5.2.1 Chemicals  
The Pd foil used in this study was purchased from Sigma-Aldrich. The thickness of the Pd foil was 
0.05 mm with 99.9% purity.  Pd thin foil with a 0.175 cm2 surface area was used for all in-situ 
temperature experiments. Sulphuric acid (99.999 %) obtained from Sigma Aldrich were used to 
prepare a 0.5 M H2SO4 electrolyte. The electrolyte was prepared using Nanopure® water (18.2 
MΩ cm). 
5.2.2 In-situ X-ray Diffraction Measurements 
XRD patterns were obtained using a Pananalytical Xpert Pro Diffractometer with a Ni filtered 
monochromatic Cu Kα (1.5406 Å, 2.2 KW Max). The heating of the Pd thin foil was carried out 
in an Anton-Paar HTK-1200 high temperature oven chamber. A sample holder was made of 
aluminium oxide. Argon gas was passed throughout the in-situ XRD temperature experiments to 
avoid the formation of oxides on the surface of the Pd thin foil.  The temperature of the Pd foils 
was increased at a ramp speed of 10 °C per minute; and once the sample attained a specific 
temperature, the XRD pattern was recorded for ~90 minutes. The sample was then cooled at a 
ramp rate of 5 °C per minute to room temperature. The sample was removed from the in-situ 
chamber, whereafter the XRD pattern was recorded using a spinning stage XRD in order to obtain 




during the in-situ treatment. Following XRD, all of the samples were stored in an argon atmosphere 
at room temperature for the electrochemical measurements.   
5.2.3 Physical Characterization: 
The morphologies of the Pd thin foils that were annealed at different temperatures were 
examined using a JEOL JSM 5900LV field emission scanning electron microscope (FE-SEM). X-
ray photoelectron spectrophotometry (XPS) was employed to examine the oxidation states of the 
Pd thin foil following the electrochemical studies using a Thermo Scientific K-Alpha XPS 
spectrometer. A monochromatic Al Kα (1486.6 eV) X-ray source was used with a spot size of 400 
µm. The binding energy values were calibrated using the C 1s peak at (C-C) 284.6 eV. All spectra 
collection and analysis were carried out using XPSPEAK 4.1 software. 
5.2.4 Electrochemical Experiments: 
 The electrochemical behaviours of the heat treated Pd foil electrodes toward hydrogen 
sorption and storage were characterized using cyclic voltammetry (CV), chronoamperometry 
(CA), and linear scan voltammetry (LSV). A three-electrode cell system was employed for 
electrochemical measurements using Volta Lab PGZ402 potentiostat. A Pd thin foil with a 
surface area of 0.25 cm2 was connected to a titanium rod and employed as working 
electrode. Platinum (Pt) wire coil with surface area of 10 cm2 served as the counter electrode. The 
Pt wire was flame cleaned prior to analysis by quenching with Nanopure water. Silver/Silver 
Chloride (Ag/AgCl) in 1 M KCl served as the reference electrode.  
The electrode potentials presented henceforth are with respect to the Ag/AgCl 
electrode. For the electrochemical studies 0.5 M H2SO4 was used as the electrolyte. To remove 
any dissolved oxygen that was present in the electrolyte, ultrapure argon gas (99.999%) was 




passed over the solution throughout the electrochemical measurements. In order to determine 
the time required for the complete saturation of the Pd thin foil with hydrogen, CA was performed 
by holding the electrode potential at a range of from -50 to -250 mV vs. Ag/AgCl for 10 minutes. 
LSV was carried out immediately after CA at a scan rate of 1 mV/s for the desorption of hydrogen. 
All of the samples were stored in an ultrapure argon environment prior to and following the 
electrochemical measurements, which were carried out at room temperature (20 ± 2 °C). Data 
collection and analysis were performed using VoltMaster 4 software. 
3. Results and Discussion 
5.3.1 Pd Structure and Morphology 
Typical SEM images of the Pd thin foil following in-situ heat treatment are displayed in Fig. 5.1, 
showing that with increased temperatures during annealing, the morphology of Pd surface changed 
dramatically. The untreated Pd thin foil (Fig. 5.1A) showed a planar structure; while for the sample 
that was annealed to 300 °C (Fig. 5.1B) the surface became rough, and upon a further increase in 
temperature to 500 °C, the surface of the Pd thin foils became porous in nature, as pores may be 
clearly seen in Fig. 5.1C. The samples that were heated to higher temperatures (700 °C) (Fig. 5.1D) 
displayed larger grain sizes, and were perfectly aligned on the surface primarily due to the slower 
cooling rates during the in-situ experiments. The Pd thin foil annealed to 1000 °C (Fig. 5.1E) 
exhibited much larger grain boundaries; whereas the Pd thin foil annealed to 1200 °C (Fig. 5.1F) 





























Figure 5.1: SEM images of Pd thin foils before (A) and after annealing at 300 °C (B), 500 °C (C), 











Figure 5.2: In-situ XRD patterns of the Pd thin foil during the annealing treatment at the different 
temperatures in the presence of Ar. * indicates the presence of corundum peaks which was used 
as the sample holder during in-situ XRD experiments.  
 
Fig. 5.2 displays the XRD patterns of the Pd thin foil that were recorded during the in-situ 
experiments at different temperatures. As the temperature increased the peak position was slightly 




at 46.56°, 68.04°, and 82.05° could be indexed to the diffraction of (200), (220), and (311) planes 
of Pd, respectively.27 In the case of the Pd thin foil that was heated to 700 °C, a diminutive peak 
was observed at 40.02°, indicating the presence of a (111) plane. The peak at 40.02° became more 















Figure 5.3: XRD patterns of Pd thin foils subjected to the annealing treatment at the different 
temperature listed on the figure, recorded at room temperature. 
Fig. 5.3 displays the XRD patterns of the Pd thin foil that were recorded using a spinning 
stage XRD, following the in-situ experiments at the high temperatures. Spinning stage XRD 
















there was no change in the peak positions; the 2θ values at 40.02°, 46.56°, 68.04°, and 82.05° 
could be indexed to the diffraction of (111), (200), (220), and (311) planes of Pd, respectively .27,28 
In the case of the samples that were heated to 700, 1000, and 1200 °C, no peak for the (222) phase 
was not observed in the in-situ XRD measurement, whereas when using the spinning stage XRD, 
a diminutive peak was observed at 86.50°. All of the peaks may be referenced to a face-centered 
cubic Pd unit cell. The crystal size and lattice constant values were calculated using equations (5-
1) and (5-2). The Scherrer equation (5-1) relates the broadening of diffraction lines with the crystal 




            (5-1) 
Where L is the coherence length of the crystal domain and β is the full width in radians at the half 
maximum intensity (FWHM) measured at angle θ. The wavelength λ of X-ray radiation (Cu Kα = 
0.15405 nm) and the constant α (a shape factor) is close to unity. Bragg’s law equation can explain 
the appearance of a diffraction pattern through interferences of X – ray reflections from crystal planes 
in a sample.  
n λ = 2dsinθ              (5-2) 
Where n is a positive integer; λ  is the wavelength of incident wave; θ represents the incident angle 
of the incoming X-ray radiation. Bragg’s law, as stated above can be used to determine the lattice 




            (5-3) 
Where ‘a’ is the lattice spacing of the cubic system, and h, k, and l are the miller indices of the Bragg’s 







√ℎ2 + 𝑘2 +  𝑙2     (5-4) 
The crystal size and lattice parameter values of Pd thin foil during in-situ heat treatment under 
various high temperatures, and following the annealing process were calculated and are listed in 
Table 5.1.As expected, with the increase in temperature in the in-situ chamber the crystal size of 
the Pd was increased, and the lattice also expanded from 3.8942 Å (untreated) to 3.9508 Å (1200 
°C). However, after annealing the crystal size and the lattice constant were decreased in comparison 
to the corresponding in situ XRD results measured at the high temperature. Overall there were 
gradual increases in crystal sizes and lattice constant values with the increase of the annealing 
temperature. This was primarily due to the rearrangement of crystals or grains during the annealing 
process.  
Table 5.1: Crystal size and lattice constant values of Pd thin foils during in-situ heat treatment 
and following annealing calculated from Figs. 5.1 and 5.2. 
Sample 
(Pd Foil) 









Untreated 37.91 3.8942 37.91 3.8942 
300 °C 60.36 3.9070 47.23 3.8955 
500 °C 108.60 3.9172 53.47 3.8973 
700 °C 135.78 3.9268 57.29 3.8979 
1000 °C 154.68 3.9402 62.25 3.9003 
























Figure 5.4: XPS spectra of Pd thin foil untreated (A) and annealed at different temperatures: 300 


















A further XPS analysis was employed to determine the chemical nature of the Pd thin foil, 
which was annealed at various temperatures. Fig. 5.4 displays the 3d region of XPS spectra of the 
Pd thin foil, showing doublet peaks located at a high binding energy (3d3/2) and a low binding 
energy (3d5/2). The binding energies of all the Pd 3d3/2 and Pd 3d5/2 peaks (Figs. 5.4A to 5.4F) were 
measured at ~340.6 and ~335.3 eV, respectively, which were consistent with the values reported 
in the literature.30 By using the area under the deconvoluted peaks of the spectra of the Pd thin foil, 
which was annealed under different temperatures, the oxidation states of Pd, as well as the ratio of 
metal to metal oxide were estimated. For comparison, Table 5.2 presents the binding energy and 
the Pd oxidations states of untreated Pd and Pd annealed at different temperatures.  





Binding Energy (eV) Relative area 
peak (%) 3d3/2 3d5/2 
Pd untreated 
Pd(0) 340.6 335.3 88.1 
Pd(II) 342.1 336.6 11.9 
Pd (300 °C) 
Pd(0) 340.6 335.3 81.8 
Pd(II) 342.1 336.6 18.2 
Pd (500 °C) 
Pd(0) 340.4 335.1 78.1 
Pd(II) 341.9 336.5 21.9 
Pd (700 °C) 
Pd(0) 340.4 335.1 78.7 
Pd(II) 341.7 336.1 21.3 
Pd (1000 °C) 
Pd(0) 340.5 335.3 82.5 
Pd(II) 341.7 336.3 17.5 
Pd (1200 °C) 
Pd(0) 340.5 335.3 81.6 





5.3.2 Electrosorption of Hydrogen into Pd 
 
 
Figure 5.5: CVs of Pd thin foil annealed at 300 °C (a), 500 °C (b), 700 °C (c), 1000 °C (d) and 
1200 °C (e), recorded in 0.5 M H2SO4 at a scan rate of 1 mV/s. Inset: the CV of the Pd thin foil 







Fig. 5.5 displays the CVs of the Pd thin foil prior to and following the annealing recorded in 0.5 
M H2SO4 between -225 and 300 mV vs. Ag/AgCl at the scan rate of 1 mV/s. Two main regions 
were observed in these CVs: the potential of -225 to 25 mV relates to the hydrogen 
adsorption/absorption and desorption region; whereas the potential range between 25 to 300 mV 
denotes the double-layer region.31 For all of the samples, when the electrode potential was scanned 
from 300 to -225 mV, hydrogen adsorption/absorption began at around -80 mV. The cathodic 
current increased when the potential was scanned from -80 to -225 mV, and no 
adsorption/absorption peaks were observed. Although it was difficult to distinguish the absorption 
and the adsorption process, the high current was predominantly produced by the hydrogen 
absorption, which dominated the hydrogen adsorption process.32 When the electrode potential was 
scanned from -225 to 300 mV vs Ag/AgCl, a large peak appeared at -80 mV due to the desorption 
of hydrogen. The peak current was increased with the increase of the annealing temperature from 
300 to 700 °C; but decreased with the further increase in the annealing temperature. All of the 
orbed hydrogen was completely desorbed below 50 mV vs Ag/AgCl. For comparison, the inset of 
Fig. 5.5 presents the CV of the untreated Pd thin foil; a small and very broad hydrogen desorption 
peak was observed, indicating that the annealing process significantly improved the kinetics of 
hydrogen absorption and desorption.  
The total charge of the hydrogen desorption was calculated by integrating the desorption 
peak and was found to be in the following order: Untreated (56.28 mC) < 300 °C (212.05 mC) < 
500 °C (267.12 mC) < 1200 °C (269.13 mC) < 1000 °C (670.77 mC) < 700 °C (819.13 mC), 
respectively. This indicated that the annealing of the Pd thin foil played an important role in 
increasing the uptake of hydrogen. Significant changes in the hydrogen sorption capacities were 




temperatures as shown in Fig. 5.1, as well as the changes in the crystal structure and lattice constant 
values mentioned in Table. 5.1. It was primarily due to the rearrangement of crystals or grains 
during the annealing process, which resulted in expansion of the lattice.  
A chronoamperometry (CA) technique was utilized to determine the time required for the 
Pd thin foil (not annealed) to completely desorb hydrogen, by holding the electrode potential at a 
constant -220 mV for different time periods, ranging from 1, 3, 5, 7, 10, and 12 minutes, 
immediately scanning the electrode potential from -220 to 300 mV vs Ag/AgCl at a 1 mV/s scan 
rate using a LSV technique, as shown in Fig. 5.6A. It was observed that by successive increments 
of the holding time, from 1 to 12 minutes, the hydrogen desorption charge current was also 
increased. Initially, for the one-minute holding time, the hydrogen desorption peak centered at -60 
mV. As the holding time increased, the peak was shifted to a more positive potential and the peak 
also become more broad in nature, which indicated a large quantity of hydrogen desorption taking 
place. The QH was estimated by integrating the hydrogen desorption current from the LSV curves 
(Fig. 5.6A) recorded after the different holding time. The QH versus the holding time plot is 
depicted in Fig. 5.6B, following the order: 1 < 3 < 5 < 7 < 12 < 10 minutes, showing that highest 






























Figure 5.6: (A) LSVs of the Pd thin foil after being held at -220 mV for the different periods of 







To examine the effects of the held electrode potential on hydrogen sorption capacity, CA 
was performed with a constant holding time (10 minutes) at various electrode potentials ranging 
from -50 to -250 mV vs. Ag/AgCl; immediately followed by LSV, where the electrode potential 
was scanned from the held potential to 300 mV at 1 mV/s scan rate in 0.5 M H2SO4. Fig. 5.7A 
presents the LSV curves of the Pd thin foil that was not annealed, when the held electrode potential 
was lowered from -50 mV to -170 mV vs Ag/AgCl, where there was an increase in peak intensity. 
When the held potential was further lowered from -180 mV to -250 mV, there was an increase in 
the peak current as well as a positive shift in the peak potential. Fig. 5.7B presents the LSV curves 
of a Pd thin foil after being annealed at 700 °C for ~90 minutes, which were recorded in 0.5 M 
H2SO4 at a 1 mV/s scan rate.  
Initially it followed a similar trend as the Pd thin foil, which was not annealed when the 
electrode potential was held from -50 to -170 mV, but the current density was much higher. 
Whereas when the held electrode potential was lowered to -180 to -200 mV, the hydrogen 
desorption current was increased significantly and the peak potentials were shifted positively. 
Contrastingly, on further lowering of the held potential from -200 to -250 mV, the peak current 
was slightly increased and almost no peak potential shift was seen. Below -180 mV, the desorption 
of hydrogen from the Pd thin foil was not complete, this is due to the slower kinetic behaviour of 
the bulk Pd. whereas complete desorption of hydrogen was seen in case of Pd nanoparticles 
(Chapter 4). Similar trends were also observed with the other annealed samples, representing the 
fact that the level of hydrogen uptake capacity into the Pd thin foil was dependent on the applied 
electrode potential. Under electrochemical environments, the lower potential of the electrode 

























Figure 5.7: LSVs of the untreated Pd foil (A) and the Pd foil annealed at 700 °C (B) recorded after 





















Figure 5.8: The overall hydrogen desorption charge QH versus the held electrode potential of -50 
to -170 mV (A), -180 to -250 mV (B). Pd foil untreated (a) and annealed at different temperatures 
at 300 °C (b), 500 °C (c), 700 °C (d), 1000 °C (e) and 1200 °C (f). Inset of (A): the overall trend 
(QH) of the Pd foil annealed at 700 °C. 
𝛼 𝑃ℎ𝑎𝑠𝑒 







To determine the total hydrogen desorption/oxidation charge, the peak area under the LSV 
curves was integrated from Figs. 5.7A and 5.7b. Fig. 5.8 presents the total hydrogen desorption 
charges (QH) against the held potential vs Ag/AgCl. It is known that hydrogen uptake may undergo 
two different phases, referred to as α phase and β phase.35 The α phase represents a solid solution 
phase, where the interstitial sites of the Pd are partially occupied by hydrogen. When the interstitial 
sites are completely occupied, the formation of metal hydride takes place to form the β phase, 
resulting in an increase in the lattice constant.  
For clarification, Fig. 5.8A presents the α phase hydrogen uptake capacity of the untreated 
Pd thin foil (a) and the thin foils after being annealed at 300 °C (b), 500 °C (c), 700 °C (d), 1000 
°C (e) and 1200 °C (f), where the held electrode potential was varied from -50 to -170 mV vs 
Ag/AgCl; and the corresponding mixed α and β phase as well as β phase hydrogen uptake capacity 
is displayed in Fig. 5.8B. The hydrogen uptake capacity was increased with the decrease of the 
held electrode potential from -50 to -250 mV. The inset of Fig. 5.8A presents the total desorption 
charge of the hydrogen versus the held electrode potential at the Pd thin foil, which was annealed 
at 700 °C. The electrode potential range above -170 mV corresponded to the α phase hydrogen 
sorption, where the amount of the hydrogen uptake was gradually increased with the decrease of 
the potential from -50 to -170 mV and the overall hydrogen sorption was low. The potential range 
below -220 mV corresponded to the β phase hydrogen storage, which was approximately 37 times 
higher than the α phase hydrogen sorption. The electrode potentials between -170 and -220 mV 
represented the α phase and β phase transition region, where the QH was significantly increased 
from 6.05 mC to 222.5 mC when the held electrode potential was decreased from -170 to -220 




As seen in Figs. 5.8A and 5.8B, the annealing treatment had a strong positive impact on the 
hydrogen uptake capacity of the Pd foil, which was increased with the increase of the annealed 
temperature from 300 °C to 700 °C; but it was decreased with the further increase in annealing 
temperature from 700 °C to 1200 °C. For example, for the α phase hydrogen sorption when the 
electrode potential was held at -170 mV, the uptake hydrogen capacity QH of the Pd foil was 
increased in the following order: 1.84 mC (untreated) < 3.34 mC (annealed @ 300 °C) < 3.63 mC 
(@ 1200 °C) < 4.10 mC (@ 500 °C) < 4.82 mC (@ 1000 °C) < 6.05 mC (@ 700 °C). The Pd foil 
that was annealed at 700 °C showed the highest hydrogen sorption capacity, which was 3.2 times 
larger than that of the untreated Pd foil. In the case of the β phase hydrogen storage when the 
electrode potential was held at -250 mV, the uptake hydrogen capacity QH of the Pd foil was 
increased in the following order: 12.7 mC (untreated) < 84.3 mC ((annealed @ 300 °C) < 172.8 
mC (@ 1200 °C) < 227.3 mC (@ 500 °C) < 237.4 mC (@ 1000 °C) < 247.4 mC (@ 700 °C). The 
Pd foil that was annealed at 700 °C showed a 19.4-fold increase in hydrogen uptake capacity in 
comparison to the untreated foil.  
5.4 Conclusion 
In summary, for the first time the effect of annealing on the electrosorption of hydrogen into Pd 
thin foil was studied using in-situ XRD and electrochemical methods. The Pd thin foil was 
morphologically and structurally characterized by SEM, XRD, and XPS, as well as being 
electrochemically studied using CV, CA, and LSV to elucidate the electrochemical kinetics of 
hydrogen uptake and release. The capacity for the hydrogen sorption and storage depends on the 
morphology, crystal structure and lattice parameters of the formed Pd thin foil, as well as the 
applied electrode potential. The presence of α and β phases, as well as the phase transition were 




annealed at 700 °C showed the highest hydrogen uptake capacity, a 3.2-fold increase in the α phase 
hydrogen storage and a 19.4-fold increase in the β phase hydrogen storage in comparison to the 
un-annealed one. The present study not only provided insights in the hydrogen sorption, but also 
demonstrated that a facile annealing process could significantly enhance the hydrogen uptake and 
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Chapter 6: One-step Synthesis of Pd and Reduced Graphene Oxide 
Nanocomposites for Enhanced Hydrogen Sorption and Storage 
6.1. Introduction 
Hydrogen storage materials have garnered much attention due to their critical applications in a 
hydrogen economy.1 The Department of Energy (DOE) has set an ultimate target for hydrogen 
storage materials: 6.5 wt.% of stored hydrogen with a volume density of 62 kg/m3 of hydrogen at 
ambient temperatures for applications in fuel cell powered vehicles.2 Current hydrogen storage 
methods, such as high pressure hydrogen gas, liquid hydrogen tanks, metal hydrides, complex 
metal hydrides, and metal organic frameworks have not yet met these DOE targets.3 Solid-state 
hydrogen storage materials are presently attractive as they are cost effective and safe.4 Pd is of 
particular interest in this area due to its high affinity for hydrogen sorption.5 Typically, in the 
absence of protective agents, metallic nanoparticles (NPs) tend to aggregate due to attractive 
molecular van der Waals forces. To overcome this aggregation, toward improving their 
morphology and catalytic activity, they are commonly deposited on solid supports that possess 
larger surface area.6,7 It is recognized that hydrogen molecular dissociation takes place at the Pd 
surface, and that dissociated hydrogen atoms occupy its interstitial sites.8,9 Hydrogen sorption and 
storage may be augmented at room temperature by a phenomenon called the “spillover effect”, 
which is defined as the chemical dissociation of hydrogen molecules on metallic NPs in the form 
of atomic hydrogen, and the subsequent migration of these hydrogen atoms onto adjacent surfaces 
of the adsorbate via surface diffusion.10,11,12 
 
*The results presented in this chapter have been published in Electrochemistry 




Recently, graphene-based nanomaterials have proven to be potential candidates for 
hydrogen sorption and storage in various science and technology applications due to their 
remarkable attributes including extensive surface areas, high catalytic activity and stability, and 
elevated thermal and electrical conductivity.13-18 The primary advantage of graphene is that all of 
its atoms are exposed at its surface, which are highly sensitive to adsorbed molecules, thus it 
exhibits robust electron transport properties. The deposition of metallic NPs onto graphene sheets 
utilizing conventional methods involves the use of complex reductants and surfactants, which tend 
to block a percentage of the active sites on the graphene oxide surface, thereby reducing catalytic 
activity.19 Recently, the electrochemistry of graphene-based nanostructures has received much 
interest as they have the capacity to enable applications in numerous fields.20-23 Therefore, intense 
efforts are being invested toward the development of a simplistic and environmentally compatible 
technique for the synthesis of graphene nanocomposites. In the present study, we report a one-step 
facile electrochemical approach method for the simultaneous synthesis Pd NPs and reduced GO 
(rGO) nanocomposites for promising applications in hydrogen sorption and storage.  
6.2. Experimental   
Graphene oxide (4mg/mL), Pd nitrate (99.99%), and Nafion (10%) were purchased from Sigma-
Aldrich; and all other analytical reagents were used as received. Pure water (18.2 MΩ cm) 
produced by a NANOpure water system was employed in the preparation of all solutions. Scanning 
electron microscopic (SEM) and energy-dispersive X-ray spectroscopic (EDX) characterizations 
were carried out using a Hitachi SU-70. Thermo Scientific K-Alpha X-ray photoelectron 
spectroscopy (XPS) was employed to study the composition and oxidation states of the Pd/rGO 
nanocomposites prior to and following reduction. The samples were run at a takeoff angle (relative 




size of 400 µm. A VoltaLab PGZ 402 potentiostat was employed to conduct electrochemical 
measurements using a three electrode cell system. A glassy carbon electrode (GCE) with a 
geometric surface area of 0.1964 cm2 was utilized as the working electrode, a silver/silver chloride 
(Ag/AgCl) saturated KCl solution served as the reference electrode, and a platinum coil was used 
as the counter electrode. All electrochemical experiments were conducted at room temperature (20 
± 2°C).  
The fabrication of Pd/rGO nanocomposites was achieved via the in situ electrochemical 
reduction of the GO and Pd precursors. The GCE surface was polished with alumina powder (0.5 
µm) followed by sonication in pure water for 1 min. A 20 µL mixture of GO (0.5 mg/mL), 
Pd(NO3)2 (10mM) and Nafion (5%) was cast on the GCE and then allowed to air dry. The in situ 
formation of Pd NPs and rGO nanocomposites on the GCE was achieved using cyclic voltammetry 
(CV) in 0.1 M Na2SO4 (pH 7) by cycling  the electrode potential between +0.5 V and -1.2 V (vs 
Ag/AgCl) at 10 mVs for  ten cycles. For comparison, pure Pd particles and rGO were prepared 
using the identical electrochemical approach, with the amount of Pd precursor and Nafion used for 
the synthesis of the pure Pd particles and the Pd/rGO nanocomposite the same. 
6.3. Results and discussion 
6.3.1 Surface Characterization 
Fig. 6.1 depicts SEM images of the electrochemically reduced GO (A), Pd nanoparticles (B), and 
the Pd/rGO nanocomposite (C). The rGO exhibited a wrinkled texture with a larger surface area. 
The electrochemical reduction of pure Pd resulted in a larger particle size, whereas in the case of 
the Pd/rGO nanocomposite, the SEM image revealed the average particle size of 7 nm, which were 
uniformly dispersed on rGO sheets with high density. Fig. 6.1D shows the EDX spectra of rGO, 




of rGO (black curve), presence of carbon, oxygen and Pd in the case of pure Pd particles (blue 
curve) were observed, carbon peak is due to the usage of carbon tape in SEM as sample substrate 
and oxygen peak could be due to the atmospheric exposure of sample. Presence of carbon, oxygen 
and Pd in the case of the Pd/rGO nanocomposite were identified (red curve). The fluorine peak in 
















Figure 6.1: SEM images of reduced graphene oxide, pure Pd, and the Pd/rGO nanocomposite (A, 







XPS was performed to confirm the degree of reduction of the graphene oxide and Pd. The C 1s 
spectra of GO (Fig. 6.2A) and rGO (Fig. 6.2C) revealed several peaks at 284.03, 284.95, 286.37, 
287.41, 288.59, 290.46, 291.59 and 293.08 eV, corresponding to aromatic C-C,  sp2 C, C-OH, C-
O, C=O, HO-C=O, C-F3 and C-F2 bonds, respectively.
24,25 The C 1s spectrum of GO revealed the 
presence of a highly oxidized carbon species, and for rGO, the decrease of C-OH, C-O, C=O, HO-
C=O binding energies (at 286.37, 287.41, 288.59, 290.46 eV) and an additional peak at 285.6 eV 
indicated the presence of a non-oxygenated rings of C,26 revealing that the electrochemical 
reduction process was effective for the removal of exogenous oxygenated functional groups. High-
resolution spectra of 3d regions of Pd prior to and following reduction are shown in Figs. 6.2B and 
6.2D, respectively, where doublet peaks were located at a low binding energy (3d3/2) and a high 
binding energy (3d5/2). The binding energies were measured at 337.3, 342.6 eV in the case of pure 
Pd, and at 340.0 and 334.7 eV in the case of the Pd/rGO nanocomposite. The negative shifts of the 
Pd 3d doublet peaks, in the case of the Pd/rGO nanocomposite, indicated the effective reduction 
of the metal ions. By fitting the high resolution XPS spectra (Fig. 6.2 D), the oxidation state of the 
Pd nanoparticles in the Pd/rGO nanocomposites were determined. It is found that 72.8% of Pd in 
its metallic state and 27.2% of Pd in its higher oxide states. The aforementioned results confirmed 
that the Pd NPs were trapped within the rGO sheets through stable bonding, which involved 

























Figure 6.2: XPS spectra of the C 1s region (A and C) and Pd 3d regions of (B and D) of Pd/GO 















6.3.2 Electrochemical Studies 
 
Figure 6.3: CV of rGO (black), pure Pd (blue) and the Pd/rGO nanocomposite (red) on GCE, 
Inset: CV of rGO.   
For the electrochemical characterization of rGO, pure Pd, and the Pd/rGO nanocomposite for 
hydrogen sorption, two cycles of the CVs were performed in an argon saturated 0.5 M H2SO4 
solution in the range of from -220 to 400 mV, at a scan rate of 20 mV/s. First cycle is considered 
to activate or clean the surface of the electrode, so if any impurities present on the surface that can 
be removed. The second cycle was selected for the comparison of rGO, pure Pd, and the Pd/rGO 
nanocomposite and presented in Fig. 6.3. The inset illustrates the enlarged CV of rGO. In the case 
of rGO, no adsorption or desorption peaks were observed, whereas, in the case of pure Pd and Pd 
NPs dispersed on rGO, there were significant changes in the hydrogen sorption and desorption 




For the Pd/rGO nanocomposite, the hydrogen adsorption began at 50 mV when scanning the 
electrode potential from 400 to -220 mV. A large peak due to the desorption of hydrogen appeared 
at -155 mV, followed by a shoulder in the range from -50 to 50 mV; appeared when the electrode 
potential was scanned from -220 to 400 mV, which is due to the presence of Pd oxide on the 
surface. In contrast, hydrogen sorption and desorption were much smaller, with the hydrogen 
desorption peak at -155 mV, in the case of pure Pd due to larger particle sizes. The integrated 
hydrogen oxidation charges from the CVs were calculated to be 1017 mC and 203 mC for the 
Pd/rGO nanocomposite and the pure Pd. This significant improvement may be attributed to the 
formation of the uniform and small dimensions of the Pd NPs, which were dispersed on the large 
reduced graphene oxide surface area, which was consistent with the SEM image shown in Fig. 
6.1C. Another cause for the significant improvement is due to the spillover effect. Hydrogen 
spillover is commonly described as the dissociative adsorption of H2 on metal catalyst particles, 
followed by the migration of H atoms to the support and diffusion of the atoms on the support.27 
This clearly demonstrated that Pd NPs dispersed on rGO had superior capacity toward hydrogen 
sorption and storage in contrast to Pd.  
In order to determine the time required for steady state hydrogen sorption, chronoamperometry 
(CA) was performed by holding the electrode potential constant at -220 mV over different time 
periods (e.g., 0, 1, 3, 5, 7 and 10 min), immediately followed by linear voltammetry (LV), where 
the electrode potential was scanned from -220 to 400 mV, as shown in Fig. 6.4A. The hydrogen 
desorption charge QH was calculated by integrating the hydrogen desorption current from the LVs 
of Fig. 6.4B. The QH plot versus the holding time is depicted in Fig. 6.3C, revealing a rapid 
hydrogen uploading process. The hydrogen storage capacity was increased in the following order: 





Figure 6.4: (A) Anodic sweeps of the Pd/rGO nanocomposite at -210 mV at different holding 





To further investigate the kinetics and effect of the held potential on the capacity of hydrogen 
sorption and storage, the potential was held constantly for 3 min which was sufficient to ensure 
the complete saturation of hydrogen into the prepared catalyst as seen in Fig. 6.4B, where the held 
electrode potential was gradually varied from -50 to -210mV. Three minute time holding with 
respect to Pd/rGO has taken as reference for the pure Pd samples. Fig. 6.5A and 6.5B present a 
series of LVs of the pure Pd and Pd/rGO nanocomposite, respectively. In case of pure Pd the 
current for the hydrogen desorption/oxidation peak was slowly increased with a negative shift of 
the peak potential form -50 to -170 mV, further lowering of the held potential from -170 to -190 
mV, the peak current was increased significantly, with a positive shift of the peak potential. When 
the held potential was lowered from -190 to -210 mV, the peak current was slightly altered with a 
small positive shift and the hydrogen is not completely desorbed. This is mainly due to the larger 
particle size of Pd which is consistent with SEM image as shown in Fig. 6.1b the active surface 
sites available for hydrogen absorption/adsorption were limited which results in much slower 
sorption kinetics when compared to the nanoparticulate forms. Whereas in case of Pd NPs 
dispersed on rGO, the current for the hydrogen desorption/oxidation peak was slowly increased 
with a negative shift of the peak potential form -50 to -190 mV, further lowering of the held 
potential from -190 to -210 mV, the peak current was increased significantly indicating the fact 
that under electrochemical conditions, the volume of hydrogen stored within the Pd NPs was 
potential dependent, where a lower electrode potential, in gas phase experiments, corresponded to 
a higher hydrogen pressure. In case of both pure Pd and Pd/rGO nanocomposite, there is small 


























Figure 6.5:  Anodic sweeps of the desorption of hydrogen from pure Pd (A) and the Pd/rGO 
nanocomposite (B) after holding the potential at various cathodic limits for 3 min in 0.5 M H2SO4 






Figure 6.6:  The overall hydrogen desorption charge, QH, was normalized by the mass of Pd versus 
the held electrode potentials.  
Fig. 6.6 shows the comparison of the overall hydrogen oxidation charges (QH) of pure Pd and 
the Pd/rGO nanocomposite at the variously held electrode potentials. The total hydrogen discharge 
was calculated by integrating the hydrogen desorption peak shown in Figs. 6.4A and 6.4B. In the 
case of pure Pd and the Pd/rGO nanocomposite, QH was slightly increased, from -50 to -190 mV. 
A significant increase in QH was observed when the held potential was decreased from -190 to -
200 mV, due to the phase transition. In the case of Pd, the adsorption/absorption of hydrogen may 
result in two different phases known as α phase and β phase.28 At low hydrogen concentrations a 
solid solution is formed that represents the α phase, whereas at higher concentrations, a metal 
hydride is formed, which represents the β phase. In the case of the Pd/rGO nanocomposite 




corresponded to the β phase hydrogen sorption. The average of the QH ratios of the Pd/rGO 
nanocomposite to the Pd nanoparticles were calculated, showing an increase of 11.73 times in the 
α phase region and 5.43 times enhancement in the β phase region. Pure Pd exhibits the highest 
maximum value of H/Pd ratio of ∼0.27 at the potential of -240 mV. The maximum H/Pd ratio is 
seen at -240 mV for Pd/rGO nanocomposite is ∼1.32. At potentials more negative than this, a 
substantial amount of hydrogen evolution was observed, and this caused cracking and loss of the 
nanostructured coatings to the electrolyte solution.  
                                                
6.4. Conclusion 
In summary, a new Pd/rGO nanocomposite was synthesized via a simple one-step electrochemical 
reduction approach, which facilitates the formation of highly dense and uniform Pd nanoparticles 
and rGO nanocomposite in the absence of any capping agents, organic solvents and reducing 
chemicals. The synthesised Pd/rGO nanocomposite demonstrated significantly enhanced capacity 
for hydrogen sorption and storage in contrast to pure Pd nanoparticles. The approach described in 
this study may be applied to fabricate various metallic nanoparticles and rGO nanocomposites for 
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Chapter 7: Photo-assisted Deposition of Palladium Nanoparticles on 
Carbon Nitride for Efficient Oxygen Reduction 
7.1 Introduction 
Given the critical degradative environmental impacts of traditional energy sources, there is a great 
interest to develop clean, cost-effective, and efficient energy technologies. One potential solution 
toward addressing global energy demands comprises fuel cell technologies. The potential 
applications of fuel cells are extensive as they have the capacity to provide clean energy and 
sustainable power.1 Fuel cells directly utilize fuels (e.g., hydrogen, methanol, formic acid) and 
oxygen to effectively convert their chemical energy into electricity with a high power density.2 
The difficult challenges associated with fuel cells relate to the development of highly active 
electrocatalysts to reduce the high overpotential at the cathode during the ORR.3 The ORR 
mechanism in alkaline aqueous solution occurs as follows:11 
O2 + 2H2O + 4e
- → 4OH
-
                         (7-1) 
O2 + H2O + 2e
- → HO2
- + OH
-                   (7-2) 
HO2
- + H2O + 2e
- → 3OH
-
                         (7-3) 
ORR in alkaline solution occurs mainly either through the direct pathway which involves 
the transfer of four electrons to produce hydroxide or the indirect pathway which involves two step 
two electron transfer which produces intermediate superoxide. In some cases, depending on the 
catalyst used the formed superoxide is not further reduced to hydroxide and can decrease the 
catalytic activity. Therefore, the complete reaction with formation of hydroxide with four electron 
transfer is desirable.    
*The results presented in this chapter have been published in The Journal of Physical 




Platinum (Pt) is considered as one of the preeminent electrocatalysts for ORR. 
Unfortunately, the limited availability and expense of Pt are major constraints that limit its wide 
commercial application.4 There have been significant advancements made in the elucidation of 
ORR on Pt-based nanomaterials; however, they still struggle with severe stability and consistency 
issues, together with crossover and poisoning effects in the cathodic compartments of the direct 
methanol fuel cell, which result in a decrease in the performance of the catalysts.5 Therefore, it is 
necessary to identify alternate new materials and methodologies to overcome costs related issues 
and to enhance the catalytic performance of electrocatalysts.6,7  
Graphitic carbon nitride (g-C3N4)   has a planar structure, similar to graphite.
8 It includes 
both pyridinic and graphitic nitrogen moieties, where each C atom is connected to three N atoms. 
Additionally, g-C3N4 may be facilely produced at a large scale with low cost. Recent studies have 
shown that C3N4 is an effective photocatalyst with enhanced visible light response.
9,10 In contrast, 
the activity of C3N4 as an electrocatalyst for ORR was observed to be very low due to its poor 
conductivity. To further enhance the electrocatalytic activity of g-C3N4, different carbon-based 
materials are integrated as a co-support; meanwhile, metal nanomaterials are employed as catalysts 
to improve charge-transfer as well as the electrochemical behaviour of carbon nitrides.11,12 
Pd based nanomaterials have gained remarkable attraction in miscellaneous research 
studies,13,14 comprising catalysis,15 and sensors.16,17 It may serve as an attractive alternative in the 
development of non-platinum catalysts with catalytic activity similar to Pt.18 Recent studies have 
shown that the active sites for ORR strongly depend on the surface structure of Pd. Kondo et al. 
have shown that the Pd(100) electrode surface exhibited over three times increase in current 
density in comparison with  the Pt(110) surface for ORR.19 It was reported that in acidic media, 




Pd dissolution in acidic media decreases the stability of the electrode. On the other hand, it is 
known that in alkaline solutions Pd exhibits high stability and electrocatalytic activity toward ORR 
due to a reduced anion poisoning effect.20 Density functional theory (DFT) calculations based on 
oxygen adsorption and vacancy formation energies indicated that the use of Pd as a co-catalyst 
might play an important role in ORR in case of catalytic behaviour as well as long-term stability.21  
In this study, g-C3N4 was fabricated using a facile combustion method, and the synthesized 
g-C3N4 was used as a support for the Pd NPs. For the first time, a photo-assisted deposition 
approach was used in the fabrication of Pd-g-C3N4 at room temperature. The physicochemical 
characteristics of the g-C3N4 and Pd-g-C3N4 electrodes were evaluated by SEM, TEM, EDX, XRD, 
XPS, and various other characterization techniques. Our experimental results have shown that the 
Pd-g-C3N4 nanocomposite exhibited significantly improved electrocatalytic behaviour for the 
ORR in 0.1 M KOH solution. The prepared catalyst also demonstrated enhanced tolerance against 
methanol and a significant improvement in terms of stability in comparison to the state-of-the-art 
Pt/C catalyst.  
In this chapter, Mona Amiri assisted with the XRD (Fig 7.3 A) and also helped in calculating 
the electron transfer number using KL plots. Jiali Wen performed BET analysis (Fig. 7.3 B). She 
analysed pore size, micropore volume and mesopore volume using QSDFT, DA and BJH methods. 
Rest of the material characterisation, analysis and electrochemical studies were performed by me.  
7.2 Experimental   
7.2.1 Synthesis of g-C3N4 and Pd-g-C3N4       
Urea (99.99%) was used to synthesize the g-C3N4 nanomaterials. In a classic reaction, 15.0 g urea 
was added to 20.0 ml of pure water produced by a NANOpure® system. The solution was allowed 




obtained were heated further at 450 °C in a closed atmospheric chamber oven for 3 h.22 The Pd 
NPs were directly deposited onto g-C3N4 using a facile photo-assisted reduction process. To 
deposit Pd NPs onto the g-C3N4, 10.0 mM Pd(NO3)2 and 1.0 mg of synthesized g-C3N4 were added 
in 5 mL of ultrapure water and allowed to sonicate for 15 min. Subsequently, 5 mL of 50% (v/v) 
methanol was added to the above mixture, then it was deaerated for 20 min with ultrapure argon 
gas prior to UV exposure. The solution was then treated by UV-Visible light for 60 min and lastly 
rinsed with NANOpure water several times and centrifuged and dried in a vacuum oven at 40 °C 
overnight. The mass of the Pd NPs loaded onto the carbon nitride was indirectly estimated by 
inductively coupled plasma atomic emission spectroscopy (ICP-AES) and further confirmed by 
thermo gravimetric analysis (TGA).  
7.2.2 Material Characterization 
The surface structure and composition of the prepared catalysts were analysed using JEOL 
5900LV SEM and JEOL 2010 TEM. The EDX spectra and elemental mapping of the prepared 
catalyst were obtained using a Hitachi Su-70 Schotty. The XRD patterns were measured on a 
PW1050-3710 diffractometer with a Cu Kα (λ = 1.5405 Å) radiation source. XPS was performed 
with a Thermo Scientific K-α XPS spectrometer. All prepared catalysts were run at a takeoff angle 
of 90°. A monochromatic Al Kα X-ray source was employed, with a spot size of 400 μm. Charge 
compensation was measured, and the location of the energy scale was adjusted to place the main 
C 1s feature (C−C) at 284.6 eV. All data analysis was carried out using XPS peak software. TGA 
was performed (SDTQ600) in a dried air atmosphere with a ramp rate of 10 °C per minute. FTIR 
measurements were performed using a Bruker TENSOR27 FTIR spectrometer (Bruker Optics, 
Germany) with a DTGS detector and a KBr beam splitter in the range from 400 to 4000 cm−1 at a 




2200 surface area and pore size instrument. All of the catalysts were primarily degassed at 250 °C 
for 3 h under vacuum. ICP-AES was used to estimate the amount of Pd2+ in the solutions before 
and after photochemical reduction experiment.  
7.2.3 Preparation of Electrodes  
The working electrodes employed in the present study were rotating disc glassy carbon electrodes 
(RDGCEs) (0.1964 cm2 surface area), which were modified with synthesized g-C3N4, the Pd-g-
C3N4 nanocomposite or the commercial Pd/C (wt.10%) purchased from Sigma-Aldrich for 
comparison. Before coating, the RDGCE surface was polished to a high shine using a fine 
aluminium powder. For electrochemical studies, the nanocomposites were prepared by dispersing 
1.0 mg in 1.0 mL of ultrapure water, then subjected to sonication for 10 min to attain a uniform 
distribution. Further 10 µL Nafion was added and sonicated for 20 min. A total of 20 µL of 
prepared solution was dropped on to the RDGCE surface and dried overnight. 
7.2.4 Electrochemical Characterization  
The electrocatalytic behaviour and electrochemical performance of all the catalysts were 
investigated by a VoltaLab Potentiostat PGZ301. A three-electrode cell system was employed in 
all experiments. The counter electrode was a polycrystalline Pt wire, which was flame annealed 
before the experiments. The reference electrode utilized was a silver/silver chloride (Ag/AgCl). 
Nernst equation was employed to convert the measured potentials vs. Ag/AgCl (EAg/AgCl) to the 
reversible hydrogen electrode (RHE) scale (ERHE):
42 
ERHE = EAg/AgCl + 0.059 pH + E
o
Ag/AgCl              (7-4) 
Where EoAg/AgCl = 0.1976 at 25°C. All the electrochemical analysis were performed in 0.1 M KOH 




used as the working electrodes. The electrolyte solutions were deaerated with ultrapure argon (Ar) 
gas into the electrolyte before the electrochemical characterisation. 
Subsequently, 99.99% pure oxygen was purged into the electrolyte for 30 min before the 
electrochemical measurements, and O2 was purged over the solution during the electrochemical 
studies. The electrochemical techniques employed in this study included cyclic voltammetry (CV), 
linear sweep voltammetry (LSV) and chronoamperometry (CA). The LSV and CA techniques 
were performed using rotating disk electrodes (RDEs) at different RPM in an O2-saturated 0.1 M 
KOH solution at room temperature. The ORR stability tests were performed by initially holding 
the potential at 960 mV for 20 s, with subsequent stepping to 610 mV for 12.5 h at 1600 rpm.  
The number of electrons that were involved in the ORR at various applied electrode 















                                     (7-5) 
B = 0.62𝑛𝐹𝐶0(𝐷0)
2/3𝑣−1/6                               (7-6) 
𝐽−1 = 𝑎 + ℎ𝜔−1/2                                               (7-7) 
where J corresponds to the experimental current density; JL is the diffusion limiting current 
density; JK is the kinetic current density; 𝜔 is the electrode rotating speed in rad s-1; n is the overall 
electron transfer number in ORR; F is the Faraday constant (F = 96485 C mol-1); C0 is the bulk 
concentration of O2 (C0 = 1.2 x 10
-3 mol L-1); D0 is the diffusion coefficient (D0 = 1.9 x 10
-5 cm2 s-
1); and 𝑣 is the kinetic viscosity of the solution (𝑣 = 0.01 cm2 s-1). A plot of J-1 versus 𝜔−1/2 is 
commonly referred to as the Koutecky-Levich plot. From this y-intercept yields the kinetic current 





7.3 Results and Discussion 



















Figure 7.1: SEM images of g-C3N4 (a) and Pd-g-C3N4 (b) nanocomposite. EDX spectra (c) and 





         


















The surface morphologies of the synthesized g-C3N4 and Pd-g-C3N4 nanocomposite were 
characterized using SEM. Fig. 7.1 depicts the typical SEM image of the g-C3N4 (Fig. 7.1a) and 
Pd-g-C3N4 (Fig. 7.1b) nanocomposite. Fig. 7.1a reveals that the synthesized g-C3N4 possessed a 
pore structure and a high surface area. The Pd nanoparticles were well dispersed with an average 
size distribution from 6 to 10 nm in diameter, as shown in Fig. 7.1b. EDX spectra confirmed the 
presence of carbon (C), nitrogen (N), and Pd in the Pd-g-C3N4 nanocomposite (Fig. 7.1c). A further 
investigation of the fabricated Pd-g-C3N4 nanocomposite distribution, EDX elemental mapping 
provided a meaningful depiction of the dispersion of elements that comprised the surface 
containing the C, N, and Pd (Figs. 7.1d, 7.1e, and 7.1f) of the Pd-g-C3N4 nanocomposite.  
Fig. 7.2a depicts the TEM image of g-C3N4, revealing the nanoporous structure and the 
origin of the large surface area. The TEM image of the Pd-g-C3N4 nanocomposite (Fig. 7.2b) 
indicates a uniform distribution of Pd nanoparticles with the size of 6±0.7 nm. Fig. 7.2c presents 
a high-resolution TEM image of Pd nanoparticles dispersed on g-C3N4; the d (lattice spacing 
distance), among the  adjoining planes of the lattice in case of Pd nanoparticles was estimated to 


























































Figure 7.3: XRD patterns (a) and the micropore volumes were measured using the 








Fig. 7.3a displays the XRD peaks of the g-C3N4 and Pd-g-C3N4 nanocomposite. The strong 
diffraction peak appearing at 27.08o can be attributed to the typical interlayer-stacking phase (002) 
of g-C3N4, revealing the characteristic graphitic structure. The intensity of (002) interlayer-
stacking peak represents the extent of graphitization, showing that the g-C3N4 synthesized in this 
study exhibited a higher graphitic features than the typical polymer-based carbon.24,25 In the case 
of the Pd-g-C3N4 nanocomposite, four additional peaks centered at 39.92
o, 46.43o, 67.76o, and 
81.68o are the characteristics of face centered cubic (fcc) Pd lattices, which correspond to the (111), 
(200), (220), and (311) facets, respectively, further confirming the formation of the  crystalline Pd 
nanoparticles within these composites.  
The Brunauer−Emmett−Teller (BET) surface areas and pore size of the synthesised g-C3N4 
and Pd-g-C3N4 nanocomposite were examined via N2 adsorption and desorption at 77 K. The BET 
surface area was found to be 34.0 and 33.0 m2 g-1 for the g-C3N4 and Pd-g-C3N4 nanocomposite, 
respectively. The isotherm was further fitted using the quenched-solid density functional theory 
(QSDFT). QSDFT method was generally used for the pore size analysis of geometrically and 
chemically disordered micro-mesoporous carbons. As shown in Fig. 7.3b, the pore size distribution 
of the g-C3N4 and Pd-g-C3N4 nanocomposite was very similar as expected. The total pore volume 
was calculated to be 0.048 and 0.053 cm3 g-1, and the micropore volume obtained using the 
Dubinin−Astakhov (DA) method was 0.029 and 0.028 cm3 g-1 for the g-C3N4 and Pd-g-C3N4 
nanocomposite, respectively. Further, the Barrett−Joyner−Halenda (BJH) analysis was employed 
to estimate the volume of mesopore, which were found to be 0.040 and 0.051 cm3 g-1 for the g-
C3N4 and Pd-g-C3N4 nanocomposite, respectively. The modal micropore diameter was estimated 
using the DA method to be 2.12 nm for both samples. The micropore and mesopore intensities 




nanocomposite. All the aforementioned results show that the synthesized g-C3N4 and Pd-g-C3N4 
nanocomposite exhibited large surface areas along with microporous and mesoporous 
morphology.  
The FTIR spectra of the g-C3N4 and Pd-g-C3N4 nanocomposites were recorded and are 
displayed in Fig. 7.4a. The IR peaks observed for g-C3N4 are consistent with the previous results.
22 
The absorption band at 1611 cm-1 could be attributed to the C-N stretching vibration modes, the 
peaks observed at wavenumbers 1253, 1321, 1413, and 1561 cm-1 may be attributed to the typical 
stretching modes of CN heterocycle in g-C3N4. The peak at wavenumber 807 cm
-1 correspond to 
the skeletal bending modes of the triazine cycle.22,26  
It was evidently visible that all of the primary distinguishing peaks of g-C3N4 appeared in 
the Pd-g-C3N4 nanocomposite, indicating that the modification with Pd NPs did not cause any 
notable structural change of the g-C3N4 substrate. Thermogravimetric technique was used to 
determine the Pd loading into g-C3N4.  This was further investigated by ICP-AES technique. The 
solutions comprising the metal precursor were tested for Pd metal content before and after the 
synthesis of the Pd-g-C3N4 nanocomposite. In the solution less than 0.2 ppm of the metal ions were 
present, revealing that the Pd precursor was completely reduced by the photochemical reduction 
approach. Through the subtraction of the final metal ion value from the initial concentration of 
precursor value, it was observed that the bulk amount of the used catalysts was nearly equal to the 
input precursor value, indicating that the simple photo-assisted chemical reduction approach 
































To investigate the chemical nature of the synthesised electrocatalysts, XPS technique was 
performed, with the results shown in Fig. 7.5. The elemental survey scans of the g-C3N4 and Pd-
g-C3N4 nanocomposite samples are displayed in Fig. 7.5a, revealing strong C and N peaks for both 
samples as well as the additional Pd peaks for the Pd-g-C3N4 nanocomposite. The presence of the 
small oxygen 1s peak at ~531 eV might be due to the adsorption of water or gases like O2 and CO2 
during preparation of samples. The high-resolution C 1s spectrum presented in Fig. 7.5b reveals 
three deconvoluted peaks at 288.53, 286.68, and 285.14 eV. The major C peak at 288.53 eV could 
be correspond to sp2-bonded C (N–C=N), while the low intense peak at 285.14 eV related to 
graphitic carbon, which is typically observed during the XPS analysis of carbon nitride.27,28  
Two distinguished peaks appeared in the high-resolution N 1s spectrum (Fig. 7.5c). The 
stronger one at 399.03 eV could be assigned to the tertiary N, bonded to C atoms in the form of 
N–(C)3 or H–N–(C)2;
27,29,30 whereas the  peak with a low intensity centred at 400.80 eV might be 
attributed to protonated pyridine or graphitic nitrogen.31 The high-resolution scan of Pd 3d region 
is displayed in Fig. 7.5d, indicating 3d3/2 peaks at the lower binding energy and 3d5/2 at the higher 



























Figure 7.5: (a) XPS survey scans of the two samples; (b) high resolution scan of C 1s region; (c) 
high resolution scan of N 1s region; and (d) high resolution scan of Pd 3d region of the Pd-g-C3N4 
nanocomposite. For the high resolution spectra, circles represent raw data, whereas solid dashed 
black lines, and blue, green, red lines represent baseline, individual components (zero and higher 
oxidation states), and total fit, respectively.  
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Figure 7.6: CVs of g-C3N4 and Pd-g-C3N4 (a) in argon (blue curve) and oxygen saturated (red 







Electrocatalytic activities towards ORR of g-C3N4 and Pd-g-C3N4 nanocomposite were studied via 
CV in Ar (dashed line) and O2-saturated (solid line) 0.1 M KOH solutions measured in the range 
of 0.16 and 1.06 V vs. RHE at 50 mV/s, which are present in Fig. 7.6a. Featureless curves were 
seen in the Ar saturated solution for both the g-C3N4 and Pd-g-C3N4 modified electrodes; whereas 
well-defined ORR peaks were observed in case of g-C3N4 and Pd-g-C3N4 nanocomposite 
electrodes in the O2-saturated solution. For g-C3N4, the onset electrode potential for the ORR was 
observed at 0.72 V vs. RHE, while the reduction peak appeared at 0.48 V. In contrast, upon the 
deposition of Pd nanoparticles on the g-C3N4, not only the onset potential and the reduction peak 
of the ORR were positively shifted to 0.90 and 0.54 V, respectively, but also the peak current 
density were increased over two times. The aforementioned results showed a substantial 
improvement in the ORR electrocatalytic behaviour for the Pd-g-C3N4 nanocomposite in 
comparison to g-C3N4.  
To investigate the kinetics involved in the ORR, LSV experiments were conducted further 
on a RDE in the O2-saturated 0.1 M KOH electrolyte at 50 mV/s under a rotation rate of 1600 rpm. 
As shown in Fig. 7.6b, ORR at the metal-free g-C3N4 electrode commenced 0.72 V. In contrast, 
the ORR onset potential at the Pd-g-C3N4 electrode was positively shifted to 0.90 V; and the 
limiting diffusion current was almost doubled. Although the Pd-g-C3N4 nanocomposite and the 
commercial Pd/C exhibited comparable ORR current density at 0.40 V, the onset ORR potential 
at Pd-g-C3N4 (0.90 V) was more positive than that at the Pd/C catalyst (0.81 V). For comparison, 
the LSV of a commercially available Pd thin foil was recorded under the same experimental 
condition and also presented in Fig. 7.6b, indicating the ORR onset potential at the bulk Pd (~0.95 
V), which was more positive than that at the Pd/C catalyst,  in line with the previous study.33 




comparison with the Pd/C and Pd-g-C3N4 may be attributed to the larger electrochemical active 
surface area. In order to confirm this, CO-stripping experiments were performed in 0.1 M HClO4, 
revealing that the CO-stripping charge at the Pd foil was 0.856 mC, which was 12 times larger 
than that at the Pd/C (0.0712 mC). The onset potential of a number of promising electrocatalysts 
for ORR recently published is listed in Table 7.1, showing that the Pd-g-C3N4 nanocomposite 
synthesized in the present study possessed high catalytic activity, better than Pd/C and the-state-
of-art benchmark Pt/C.  













Co-N-CNTs 0.1 M KOH 0.83 23 
Pt/C (Commercial) 0.1 M KOH 0.85 23 
Graphene 0.1 M KOH 0.81 1 
Au/Graphene 0.1 M KOH 0.71 34 
g-C3N4 0.1 M KOH 0.74 
35 
g-C3N4/rGO 0.1 M KOH 0.84 
35 
Fe3O4/N-Gas 0.1 M KOH 0.77 
36 
MnFe2O4 0.1M KOH 0.78 
37 
Ag/MWCNT 0.1M KOH 0.80 38 
rGO/PtRu 0.1 M KOH 0.58 7 
Au@Pd 1 M KOH 0.80 39 
Pd/C 0.1M KOH 0.72 39 
Pd Thin Foil 0.1M KOH 0.95 Present work 




The significant enhancement in the ORR could be ascribed to the synergistic charge-
transfer effect among the Pd and g-C3N4 as well as the structure effect. The pore structure of g-
C3N4 could play an important role through facilitating O2 diffusion at the electrode and electrolyte 
interface. The uniform distribution and smaller size of the Pd nanoparticles directly deposited onto 
the g-C3N4 could also contribute to the high electrocatalytic activity of the Pd-g-C3N4 
nanocomposite.     
To estimate the electron transfer number (n) of the ORR at the g-C3N4 and Pd-g-C3N4 
nanocomposite, a series of LSV measurements were carried out at various rotation rates varied 
from 400 to 2400 rpm in an O2-saturated 0.1 M KOH electrolyte. As shown in Fig. 7.7a and Fig. 
7.7c, the ORR current density was simultaneously improved along with the increase of the rotation 
rate, which could be ascribed to the improvement of the oxygen transfer. In case of Pd-g-C3N4 
electrode, the limiting current densities were much larger than those obtained at the g-C3N4 
electrodes under the same rotation speed. The number of electrons transferred per oxygen molecule 
in case of ORR was estimated using the aforementioned K-L equations. Fig. 7.7b and 7.7d display 
the K-L plots of the ORR at various electrode potentials for g-C3N4 and Pd-g-C3N4 electrodes, 
respectively. It was found the only two electrons were involved in the reaction in case of g-C3N4 
with formation of mixture of superoxide and hydroxide where the reaction is not complete.35 
Whereas in case of Pd-g-C3N4 nanocomposite all the four electrons are completely utilised to form 























Figure 7.7: LSV curves of the g-C3N4 and Pd-g-C3N4 RDEs in O2-saturated 0.1 M KOH (A) and 
(C) at various rotating rates. K-L plots obtained from the RDE measurements of g-C3N4 (B) and 











7.3.4 Methanol tolerance effect  
Another critical factor involved with the performance evaluation of electrocatalysts for the ORR 
is the level of methanol tolerance. It is well-known that methanol may crossover the membrane, 
which may significantly lower the performance of the fuel cell.40 Fig. 7.8 displays the relative 
current density vs. time curves of the commercial benchmark Pt/C and the Pd-g-C3N4 
nanocomposite measured in an O2-saturated 0.1 M KOH electrolyte at 0.61 V vs. RHE at 1600 
rpm. When 3.0 M methanol was introduced into the solution, a dramatic decrease of current at the 
Pt/C electrode was observed; however, the current density of the Pd-g-C3N4 nanocomposite was 
slightly decreased (less than 3%). These results show that the Pd-g-C3N4 nanocomposite was 
highly tolerant against methanol, offering a significant advantage over the benchmark Pt/C 
material for the ORR.  
 
Figure 7.8: Effect of methanol on the ORR at the commercial Pt/C and the Pd-g-C3N4 
nanocomposite in an O2-saturated 0.1 M KOH electrolyte at the applied electrode potential of 0.61 




7.3.5 Stability for the ORR 
Electrocatalyst durability is another major concern in the performance of fuel cells. Carbon based 
materials are fraught with stability problems attributed to frail contacts between carbon/metal 
atoms. It is anticipated that nitrogen doping may enhance the bonding  between the metal 
nanoparticles and  the carbon support.41 The long-term durability of the Pd-g-C3N4 nanocomposite 
and the Pt/C was also tested using CA at the applied electrode potential of 0.61 V, which are 
displayed in Fig. 7.9. 
 
 
Figure 7.9: Stability tests of the Pd-g-C3N4 nanocomposite and the benchmark Pt/C material in 
O2-saturated 0.1 M KOH at 0.61 V vs RHE under the rotating rate of 1600 rpm.  
The activity of the Pd-g-C3N4 nanocomposite showed ~8% loss over 45000 s of the test; in 
contrast, over 45% loss was observed when the commercial 10 wt. % Pt/C catalyst was used. These 




Pt/C, owing to the strong interaction between Pd nanoparticles and g-C3N4 frameworks. Therefore, 
the photo-assisted approach reported in this paper might be used further for the fabrication of 
different g-C3N4 based nanocomposite catalysts for promising environmental and energy 
applications.  
7.4 Conclusions 
We have demonstrated a facile and efficient photo-assisted chemical reduction approach for the 
direct formation of Pd nanoparticles onto the porous g-C3N4, which was synthesized by a rapid 
combustion technique. The prepared Pd-g-C3N4 nanocomposite was studied by various surface 
characterization techniques and electrochemical methods. The novel Pd-g-C3N4 nanocomposite 
exhibited significant enhancement for ORR in terms of the onset potential when compared with 
the advanced electrocatalysts recently reported in the literature. The tolerance to methanol 
crossover was significantly improved compared to the start-of-the-art Pt/C electrocatalyst. In 
addition, the Pd-g-C3N4 nanocomposite exhibited high stability for the ORR with only ~8% 
activity loss in comparison to 45% activity loss for the commercially available benchmark Pt/C 
catalyst. This study opens up new possibilities for the rational design and synthesis of platinum-
free electrocatalysts with a significantly improved electrochemical performance for the 
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Chapter 8: Summary and Conclusions 
 
Metal hydrides are considered as one of the most promising candidates for safe, compact, 
and efficacious hydrogen storage for mobile applications. However, none of the presently known 
materials meets all the requirements in terms of hydrogen sorption conditions, hydrogen storage 
capacity, and reversibility. Although Pd has strong potential to serve as a catalyst for hydrogen 
storage and the oxygen reduction reaction, several issues pertaining to pure Pd include its limited 
supply, considerable expense, poor gravimetric capacity, and hydrogen embrittlement issues, 
which must be resolved prior to the realization of a hydrogen based economy. As reported in this 
thesis, great progress was made toward addressing these challenges by utilizing Pd with cost-
effective materials, synthesizing various Pd-based nanomaterials/nanocomposites, increasing the 
lattice, and employing appropriate support materials for hydrogen spillover and for the oxygen 
reduction reaction in fuel cells. 
As described in Chapter 4 of this thesis, a facile and efficient approach was developed for 
the synthesis of Cd@Pd core/shell nanostructures. This method was effective for controlling the 
compositions of the formed core/shell nanoparticles. The effect of a capping agent was 
investigated, revealing that it played a critical role in the formation of the uniform and small size 
of the Cd@Pd nanoparticles, resulting in a significant improvement in hydrogen sorption and 
storage. The formation of the Cd@Pd core/shell nanostructures was confirmed by HRTEM and 
XRD analysis, as well as cyclic voltammetric studies based on the electrochemical behaviours of 
hydrogen sorption and desorption. The capacity for hydrogen sorption and storage was strongly 
contingent on the composition and structure of the formed Pd-based nanomaterials, as well as the 
applied electrode potential. It was increased in the following order: CdPd(1:1) <Pd <Cd@Pd(1:3) 




highest capacity for hydrogen storage. A significant increase in the peak current and a dramatic 
positive shift for the peak potential were due to the α phase and β phase transition, when the held 
electrode potential was lowered, from -180 to -200 mV. These studies revealed that by forming 
Cd@Pd core/shell nanostructures with an optimized composition of 1:2, a 340% increase in 
hydrogen storage capacity was achieved, in comparison with pristine Pd nanoparticles.  
The effect of annealing on the electrosorption of hydrogen into Pd thin foils was studied 
using in-situ XRD, and electrochemical methods were discussed in Chapter 5. Pd thin foils were 
morphologically and structurally characterized by SEM, XRD, and XPS, as well as being 
electrochemically studied using CV, CA, and LSV to elucidate the electrochemical kinetics of 
hydrogen uptake and release. The capacity for hydrogen sorption and storage was strongly 
contingent on the crystal structure and lattice parameters of the formed Pd thin foils, as well as the 
applied electrode potential. The presence of α and β phases, as well as the phase transition were 
clearly observed and identified with respect to the applied electrode potential. Pd foils that were 
annealed at 700 °C demonstrated the highest hydrogen uptake capacity, with a 3.4-fold increase in 
the α phase hydrogen storage and a 19.3-fold increase in the β phase hydrogen storage, in 
comparison to the untreated Pd thin foil. The present study provided insights not only for hydrogen 
sorption, but also demonstrated that a facile annealing process could significantly enhance the 
hydrogen uptake and storage capacity of Pd.   
In Chapter 6, a new Pd/rGO nanocomposite was synthesized via a simple one-step 
electrochemical reduction approach, which facilitated the formation of highly dense and uniform 
Pd nanoparticles and rGO nanocomposites in the absence of any capping agents, organic solvents, 
or reducing chemicals. The synthesised Pd/rGO nanocomposite showed an enhanced capacity for 




 The summary of materials that were discussed in chapter 4 to 6 were presented in table 
8.1. With respect to the time required for hydrogen upload into the 
nanomaterials/nanocomposites and thin foil, it is observed that the kinetics are much faster 
in Pd/rGO nanocomposite, which requires only 3 minutes for the complete uptake of 
hydrogen into the system which is due to the spillover effect as mentioned in chapter 6. 
Among chemical and electrochemical reduction methods presented in this thesis, the 
electrochemical reduction approach presented in this thesis is simple and may be applied 
to fabricate various metallic nanoparticles and rGO nanocomposites for the further 
improvement of hydrogen sorption and energy storage capacities.    
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Figure 8.1. The overall hydrogen desorption charge, QH, normalized by the mass of Pd versus the 
held electrode potentials. 
 For comparison, Fig. 8.1 presents the hydrogen desorption charge capacity of the 
commercially available Pd thin foil purchased from sigma-aldrich, Pd thin foil which was 
annealed at 700 °C, Pd nanoparticles, Cd@Pd(1:2) core/shell nanoparticles and Pd/rGO 
nanocomposite, where the held electrode potential was varied from -50 to -230 mV vs 
Ag/AgCl. The hydrogen uptake capacity was increased with the decrease of the held 
electrode potential from -50 to -250 mV. In general electrode potential range above -180 
mV corresponded to the α phase hydrogen sorption, where the amount of the hydrogen 
uptake was gradually increased with the decrease of the potential from -50 to -180 mV and 
the overall hydrogen sorption was low. The potential range below -200 mV corresponded 
𝛼 𝑃ℎ𝑎𝑠𝑒 







to the β phase hydrogen storage, potentials between -180 and -200 mV represented the α 
phase and β phase transition region, where the QH was significantly increased when the 
held electrode potential was decreased from -180 to -200 mV.  The Pd/rGO nanocomposite 
had a strong positive impact on the hydrogen uptake capacity when the electrode potential 
was held from -50 to -230 mV. For example, for the α phase hydrogen sorption when the 
electrode potential was held at -180 mV, the uptake hydrogen capacity QH was increased 
in the following order: 2.4 mC (Commercial Pd thin foil) < 31.4 mC (Pd thin foil annealed 
@ 700 °C) < 78.0 mC (Pd nanoparticles) < 262.1 mC (Cd@Pd (1:2)) < 265.05 mC (Pd/rGO 
nanocomposite). The Pd/rGO nanocomposite showed the highest hydrogen sorption 
capacity, which was 100.4 times larger than that of the commercially available Pd thin foil. 
In the case of the β phase hydrogen storage when the electrode potential was held at -230 
mV, the uptake hydrogen capacity QH was increased in the following order: 9.2 mC 
(Commercial Pd thin foil) 237.9 mC (Pd thin foil annealed @ 700 °C) < 306.7 mC (Pd 
nanoparticles) < 1131.7 mC (Cd@Pd (1:2)) < 1199.6 mC (Pd/rGO nanocomposite). The 
Pd/rGO nanocomposite showed a 130.3-fold increase in hydrogen uptake capacity in 
comparison to the commercially available Pd thin foil.  
Finally, a facile and efficient photo-assisted chemical reduction approach for the direct 
formation of Pd nanoparticles onto the porous g-C3N4, which was synthesized by a rapid 
combustion technique, was presented in Chapter 7. The prepared Pd-g-C3N4 nanocomposite was 
investigated by various surface characterization techniques and electrochemical methods. 
Electrochemical analysis was performed to determine the hydrogen sorption behaviours of g-C3N4 
and Pd-g-C3N4, hydrogen sorption behaviours were not observed for g-C3N4 but the prepared Pd-




nanoparticles. The novel Pd-g-C3N4 nanocomposite is tested for the electrochemical reduction of 
oxygen, which exhibited significant enhancement for the ORR, in terms of the onset potential, 
when compared with the advanced electrocatalysts that have recently been reported in the 
literature. The tolerance to methanol crossover was significantly improved compared to the start-
of-the-art Pt/C electrocatalyst. In addition, the Pd-g-C3N4 nanocomposite exhibited high stability 
for the ORR, with only ~8% activity loss in comparison to 45% activity loss for the commercially 
available benchmark Pt/C catalyst. This study opens up new possibilities for the rational design 
and synthesis of platinum-free electrocatalysts with significantly improved electrochemical 
performance for the development of fuel cell technologies.  
For hydrogen storage applications, where surface interactions are of greater concern than 
bulk phase absorption, the adsorption strength is the most crucial factor. All of these properties 
may be modified by synthesizing various Pd-based nanomaterials/nanocomposites. The 
optimization of the molecular composition of Pd with other materials using various synthesis 
methods are critical for the development of a hydrogen based economy. Along with the catalyst 
composition, factors such as support materials are also influential in varying the number of 
available active sites, which play an important role in enhanced hydrogen storage and for the 
oxygen reduction reaction in fuel cells. Future research work may focus on the following aspects: 
(i) Interaction of hydrogen with various other materials under variable conditions; (ii) 
investigations toward the elucidation of the mechanism of hydrogen spillover using a combination 
of spectroscopy and electrochemical techniques will provide further insights into a fundamental 
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